Micromechanical and microstructural aspects affecting rock damage, ‎fracture and cutting mechanisms by Ghamgosar, Morteza
  
 
Micromechanical and microstructural aspects affecting rock damage, 
fracture and cutting mechanisms 
 
Morteza Ghamgosar 
BSc, MSc, MIEAust Geotechnical Engineer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A thesis submitted for the degree of Doctor of Philosophy at 
The University of Queensland in 2017 
School of Civil Engineering 
 
ii 
 
Abstract 
Mechanical excavation machines have been widely employed in the excavation of soft to medium 
strength rock materials. These machines have also been utilised in civil tunnelling and subway 
construction and in driving mine openings such as drifts, ventilation shafts, and raises. They are also 
used to excavate micro-tunnels for public utilities and to install pipes underground. Unlike other 
engineering materials, rocks can be a challenge to deal with as they include different types of 
inhomogeneities and discontinuities. That is why understanding the microfracturing behaviour of a 
rock damage process is important to investigate the mechanical responses of rocks to various loading 
conditions.  
Hard-rock cutting is achieved by the coalescence of micro- and macro-fracturing in a rock material 
leading to rock chips. That is why this research aims to identify microstructural features (scale and 
mode of fracture) and mineralogical features (mineral phases and fabric/texture) affecting rock 
breakage, and the changes in the compressive and tensile strength of rock under various loading 
conditions such as monotonic and cyclic loading. The approach adopted in this research is to analyse 
fracture initiation and propagation by using experimental, numerical and image processing techniques 
to determine the static and fatigue damage in the tested rock specimens under static and cyclic 
loading. The tensile fracturing of rocks was initially investigated experimentally with tuff and 
monzonite rock specimens using standard Brazilian indirect tensile test. In addition, marble and 
sandstone rocks were included into the test series to test a range of rock types. Fracture toughness 
values of rocks were also determined by using Cracked Chevron Notched Brazilian Disc (CCNBD) 
specimens under both static and cyclic loading tests according to the suggested methods proposed by 
the International Standards for Rock Mechanics (ISRM).  
Two different types of cyclic loading were used in this thesis: (a) cyclic loading with increasing mean 
level and constant amplitude, known as continuous cyclic loading and (b) cyclic loading with 
increasing mean level and unloading cycles to zero load after a specified number of cycles, known as 
stepped cyclic loading. The main purpose of performing two types of cyclic loading was to find the 
most damaging cyclic loading type using the same amplitudes. A continuous irreversible 
accumulation of damage was observed in both types of cyclic tests conducted at different amplitudes. 
After the accumulation of irreversible damage and the failure of the specimen, clear tensile softening 
was observed in the cyclic loading tests carried out at different amplitudes on vertically aligned 
chevron notch cracks (mode I). Another important observation was made by examining the crack 
surfaces of failed specimens after cyclic loading tests, which revealed a clear crushed region, 
including small particles and dust in front of the chevron crack tip. Laboratory observations confirmed 
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that more damage was induced in rock specimens under stepped type cyclic loading compared with 
the continuous type cyclic loading.  
The first series of experimental results was modelled using the XFEM numerical method to evaluate 
the fracture propagation and damage in rock specimens under different frequencies and amplitudes 
of the cyclic loading tests. The Extended Finite Element Method (XFEM) has advantages in analysing 
the fracture propagation in brittle materials such as hard rocks compared with other numerical 
analysis methods. The Particle Flow Code (PFC2D) numerical analysis program was also employed 
to assess the effect of grain size on fracture propagation and to discuss the evidence of emerging 
tensile and shear cracks in the Fracture Process Zone (FPZ).  
The 3D Computed Tomography (CT) scan technique was used to monitor the fracturing and 
coalescence of fractures in the failure surface of the tested rock specimens and the CT outcomes were 
used as input data for the pixel and statistical analyses. CT-scan results showed that the fracturing 
patterns were completely dependent on the fracture energy absorbed in the rock specimens tested 
under cyclic loading with various frequencies and amplitudes. In addition to the 3D tomography 
analysis, some post-process image processing techniques and thin-section analyses were also used to 
investigate the micromechanical effects on rock damage and micromorphology in the FPZ under 
different loading conditions. 
The insights gained through this research provide significant contributions to the understanding of 
the cyclic failure mechanism called rock fatigue in rocks excavated by the Oscillating Disc Cutting 
(ODC) technology. ODC technology was developed in Australia using the most recent hard rock 
cutting technology available worldwide. Overall, this study is proposed as a fundamental research 
into making hard rock or ore cutting more efficient in terms of using reduced cutting forces and energy 
by making best use of the cyclic loading effect and rock fatigue phenomena. 
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1 INTRODUCTION AND STATEMENT OF PROBLEMS 
There is no doubt that a comprehensive understanding of mechanical responses of rock material is an 
important and major component in rock mechanics, with links to the various geomechanics 
disciplines such as engineering geology, petroleum industries, mining and civil engineering practices. 
Among the range of rock mechanics practices, some notable advances have been seen in mining 
engineering involving rock mechanics design, numerical approaches, micro- and macro-scale 
experiments, new technology in rock cutting industries and reliable reinforcement techniques. 
However, some problems have been encountered in rock mechanics analysis among the different 
disciplines of rock mechanics applications, which require a greater understanding of the rock 
fracturing process across a broad range of complex phenomena. At the microscale boundary, natural 
and stress-induced defects cause stress concentrations around microcracks, grain boundaries, pores, 
etc., while at the macroscale, geologic and structural fractures, bedding planes, and folds etc. in 
fracturing progress are the main reasons leading to joints (opening) and faults (shearing) in rock mass. 
The importance of rock fracture mechanics lies with the fact that it deals with the microfracture 
initiation and coalescence inducing macroscale fractures through rock mass. Implementing rock 
fracture mechanics into rock mechanics has led to the development of rock fracture and failure models 
that have very quickly become utilised in mining, civil, petroleum and gas industries. Failure criteria 
and theories used in rock mechanics address the ultimate failure loading and response of brittle rocks 
in terms of stress-strain behaviour under applied or in-situ stresses without taking account of the role 
of microfracture growth or non-linear behaviour in the fracturing process zone.  
Moreover, rocks are heterogeneous materials in all scales; and therefore, the macroscopic approaches 
are insufficient to describe the entire fracture process in rocks, which this study put lights on 
describing microfracturing behaviour in a specific region called Fracture Process Zone (FPZ). More 
specially, proposed failure models are still restricted by some experimental limitations or assumptions 
by elastic solutions, and thus unable to predict the location of crack initiation and direction of fracture 
propagation involved in blasting, rock cutting, hydraulic fracturing, caving mining and dynamics 
failures. Therefore, the practical application of these theories (i.e., Griffith crack theory, stress 
corrosion, etc.) primarily involves the determination of stress thresholds at which a crack will initiate 
and propagate. Thus, concentrating on failure due to tensile cracks has allowed for the correlation of 
the microfracturing process with the progressive failure of a rock material under various loading 
conditions. It is concluded that laboratory and numerical experiments can provide fundamental data 
to develop a conceptual model of the failure process under various boundary conditions, such as 
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monotonic and cyclic loading, and help us to consider the coupled factors that affect the behaviour of 
rock, including pre-existing fractures.  
Hard and brittle rocks are significantly being damaged when subjected to cyclic or fatigue loading. 
Fatigue and degradation of material under the cyclic loading has been extensively investigated for 
different material such as metal, soil, concrete and pavement structures, while little attention has been 
attributed to the experimental and statistical analysis of rock fatigue mechanisms. Therefore, that is 
important to outline innovative research methodologies to investigate the cyclic loading effects on 
rock fracturing regarding to Oscillating Disc Cutter (ODC) Technology-Australia, a novel technology 
in hard rock cutting. In this study, various cyclic tests were conducted and the results of mechanical 
responses of each rock type to applied cyclic loading were compared with the static. 
Significant efforts have been made in this study to understand the mechanisms of rock cutting with 
rock fatigue technique, aiming to improve cutting performance by changing cutting parameters and 
applied cutting forces.  
The fundamental feature of rock fracture mechanics that researchers used to establish the relationship 
between the fracture strength and sample geometry is the fracture toughness. Therefore, this study 
was designed to identify microfracture patterns and crack initiation, propagation and coalescence in 
the Fracture Process Zone (FPZ) developed in front of the cracks in tested rock specimens under both 
static and cyclic loading by using standardised laboratory experiments such as fracture toughness test 
(Cracked Chevron Notched Brazilian disc-shaped specimens (CCNBD)), Uniaxial Compressive 
Strength Test (UCS), Brazilian Indirect Tensile Strength test (BTS), fragmentation particle size 
analysis, and image processing. Beside the experimental studies, many numerical analysis techniques 
were also used in this study to investigate the FPZ behaviour under both static and cyclic loading and 
rock fatigue damage mechanism under cyclic loading.  
 
1.1 Scope of Research and Methodologies 
Mechanical behaviour of brittle rocks is affected by microstructural and microfractures properties 
due to the interaction between minerals and cement materials. This research focuses on the 
fundamental aspects of rock fracturing phenomena, i.e. microfracture initiation and propagation 
patterns, under static and various cyclic loadings. Pure tensile fracture toughness or Mode I tests were 
mostly used in this research and employed as a deterministic parameter for the fracture analysis. The 
Finite Element Method (FEM) and Distinct Element Method (DEM) were carried out associated with 
the different cyclic tests to investigate the damage mechanisms that developed and fracture 
propagation for modelling the mechanical response of rocks in the FPZ. The aim was that the results 
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obtained would be adopted into the Oscillating Disc Cutting (ODC) technology. Therefore, some 
novel loading techniques such as Continuous Cyclic Loading (CCL) and Step Cyclic Loading (SCL) 
were introduced with this research to increase the cutting performance of the ODC machine. Unique 
combinations of experimental, microstructural and numerical analyses were employed to investigate 
the fundamental questions concerning rock mechanical properties, rock cutting and rock fracture 
mechanisms under static and cyclic loading conditions. Computed Tomography Scan (CT-scan) 
monitoring technique, dimensional analysis, statistical and numerical analysis were included in this 
thesis in addition to the extensive experimental test series. This comprehensive approach is expected 
to lead to a greater understanding of the underlying mechanisms of rock breakage and fatigue 
behaviour in rocks under various loading conditions that can be applied in many engineering 
disciplines.  
 
1.2 Aims of Research  
This thesis primarily involves extensive experimental and numerical analyses to describe and 
investigate the microfracture and microdamage characteristics of a selection of rock types under 
different loading conditions. The effect of cyclic loading on the tensile strength properties of rocks is 
a very new subject in rock mechanics and rock fracture mechanics. In the lights of the aims of this 
research, some methods are presented for first time in the literature in this thesis to show the role of 
microfractures in the FPZ and their development under various loading conditions. It is proposed that 
these methods will be used to model the macro-scale fracture zones in many engineering applications 
such as dams, underground openings and new rock cutting technologies. This study is important in 
relation to rock fracture mechanics tests because the conventional testing methods do not deal directly 
with any information regarding the history of the failure process including crack initiation, 
propagation and crack coalescence in the FPZ. To summarise, the main aims of this research are in 
general; 1) understanding the effect of micromechanical and microstructural aspects affecting rock 
damage and fracturing, and 2) implementing the outcomes of this research into the new hard rock 
cutting technologies and rock fatigue applications in many engineering structures under various 
loading conditions. 
The following experiments and analyses were performed to achieve the aims of this research:  
 
(a)  Uniaxial Compressive Strength (UCS) tests were conducted to determine the elastic modulus 
and Poisson ratio of selected samples and to calibrate of the results of numerical models and 
statistical analysis. 
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(b) Standard Brazilian tests to determine the indirect tensile strength of selected specimens and 
results were used in variational analysis and the calibration of numerical models. 
(c) Mode I fracture toughness tests were performed under both static and cyclic loading.  
(d) Various types of cyclic loading tests such as Stepped Cyclic Loading (SCL) and Continuous 
Cyclic Loading (CCL) were undertaken to find the most damaging loading type. 
(e) Petrographic analyses were used to examine the effect of microstructure properties in fracture 
propagation patterns due to the different rock textures, interlocking features and grain sizes.  
(f) Dimensional analyses were performed to determine the fragment sizes of tested samples, and 
to address the effect of amplitude and frequency on the FPZ size.  
(g) Computed Tomography Scan (CT-scan) tests were conducted to investigate the microfracture 
and microstructural damage in the FPZ in the CCNBD specimen tested under both cyclic and 
monotonic loading.  
(h) Statistical one-way variation analysis was employed to determine the most effective parameters 
in rock fracturing under a specific applied loading.  
(i) Voxel image analysis was used to determine the volume of the damaged zone fraction caused 
by the stress induced microfractures. 
(j)  The Extended Finite Element Method (XFEM) and Particle Flow Code (PFC2D) numerical 
method were used for modelling the damaged zones in tested specimens. 
 
1.3  Thesis Structure 
This thesis is organised into six (6) chapters written in paper-based format and includes an appendix 
consisting of published papers.  
Chapter 1 addresses the research questions, research methodologies, and main objectives of this 
thesis.  
Chapter 2 contains a review of the literature regarding rock fracture mechanics and micro and macro 
scale rock fracturing aspects. In addition, it includes reviews of the existing theories and concepts of 
brittle failure of rocks and provides discussions of standard testing methods, failure criteria, damage 
theories and relationships between rock strength and grain size of rocks. 
Chapter 3 continues with a description of the experimental techniques and equipment used in this 
thesis. This chapter also includes cyclic loading tests and some image processing techniques such as 
Computer Tomography scanning (CT-scan) tests. The CT-scan method is introduced for the first time 
in the literature to quantify the microfracture expansion and fracture morphology in the FPZ in the 
tested rock specimens.  
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Chapter 4 covers the experimental analyses including standard mechanical rock characterisation 
tests proposed by the ISRM suggested methods to determine the fundamental mechanical strength 
values of the tested rocks. Moreover, the Extended Finite Element Method (XFEM) and the Particle 
Flow Code (PFC2D) numerical method were used for modelling the damaged zones after the static 
and cyclic loading tests. PFC2D was especially used to simulate the fine- and coarse-grained rock 
types by considering the number of induced shear and tensile cracks. 
Chapter 5 summarises the results of five published papers and two submitted papers. The outcomes 
of those papers are also discussed in this chapter.  
Chapter 6 contains concluding remarks and recommendations for future research.  
 
1.4 Links between Attached Papers  
 The following is a list of the author’s publications produced during the research program that were 
used in this thesis: 
1. Experimental and numerical study on the fracture process zone (FPZ) in rocks (RMRE) 
2. Experimental investigation of the fracture process zone in rocks damaged under cyclic 
loadings (SEM) 
3. Microfracture morphological analysis of the fracture process zone (FPZ) in rocks under 
various loadings: a new experimental approach to investigate rock fracturing (RMRE) 
4. Influence of loading and grain size on micromechanical properties and developing 
micromorphological patterns in hard rocks (IJRMMS) 
5. Investigation the effect of cyclic loading on fracture propagation in rocks by using computed 
tomography (CT) techniques (ARMA2015) 
6. The effect of cyclic loading amplitude and notch crack inclination angle on the fracture 
toughness test on Brisbane tuff- multiple factorial analyses (EUROCK 2014) 
7. A numerical study on oscillating disc cutting (ODC) technology for hard rock cutting (ISRM 
2015) 
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Table 1.1 List of attached papers and linked concepts 
Concepts and subjects Papers* 
Listed 
number 
Published Submitted 
Investigated the effect of cyclic and static loading on the FPZ 
developing by employing experimental and numerical studies 
1   
Developed a new cyclic loading SCL and CCL to increase 
damage in hard rocks 
2   
An introduced micromorphology feature of the FPZ under 
static and cyclic tests, conducted dimensional analysis, 
performed image processing tests and voxel analysis for the 
FPZ area 
3   
Investigated the influence of grain size and different rock types 
(spectrum from soft to hard rocks) on the rock fracturing 
mechanism under static and cyclic loading tests 
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  
Conducted CT analysis and microfracture studies under static 
and cyclic loading tests 
1, 3, 2, 
and 5 
  
Conducted multiple factorial analysis of cyclic loading tests to 
investigate the effect of amplitude and frequency on fracture 
development 
6   
Performed numerical modelling of ODC cutting technology, 
based on the experimental laboratory results 
7   
Performed DEM and FEM analysis to study fracturing 
behaviour of rock under applied loading conditions 
1, 3, 4, 
and 7 
  
* Authors published other papers not referred in this thesis. 
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2 LITERATURE REVIEW 
2.1 Introduction  
The concept of rock failure is a significant component of rock mechanics that demands a 
comprehensive understanding of the mechanical behaviours of rocks under applied external forces 
that are linked to the mechanism of rock breakage. Gaining a solid understanding of the principles of 
fracture mechanics will help to solve many of the current engineering problems in geoscience-related 
practices. According to the theoretical concepts, rock mechanics research often focuses on a small 
scale of rock problems and mainly on laboratory scale experiments, and it can be assumed that these 
experiments are conducted in conditions which are ideal for the intact rock material. However, for a 
large-scale problem such as a slope failure, for instance, rock mechanics is mainly concentrated on 
the relative rock mass and a combination of various boundary conditions. It must also be noted that 
the failure mechanism can be described in terms of the global process of the failure in a continuum 
of mechanics, starting from the concept of microfracturing mechanics. Therefore, the mechanics of 
microfracturing can be implemented into rock mechanics, which has led to the development of failure 
models that are utilised in open cut and underground mining engineering designs, civil construction, 
and oil and gas industries in an efficient trajectory. Consequently, in the recent studies, it has given 
attention to validate relevant basic theories, analytical treatments, laboratory experiments, and 
statistical analysis to cover the large-scale solutions from the micro-scale studies, by emphasising on 
cyclic and fatigue damages as the main features in the ODC (Ghamgosar & Erarslan, 2015). 
Behaviour of rock mass on a large scale can be explained by mechanisms such as igneous intrusions, 
faults, shear zones, dykes and tectonic actions that occur discontinuously within geotechnical 
environments. However, in the microscale, deformation and dislocation of microstructures in the rock 
are the fundamental causes of nonlinear responses to microscale failure. The existence of 
microfractures and also flaw distributions combined with the fracturing of rock bridging are the main 
reasons for the complexity of rock behaviour under the stress–strain state (Erarslan, 2016). 
Microfracture propagation and interactions lead to a non-linear response (Griffith, 1921; Kemeny, 
1991) and shear failure, which ultimately splits test rock specimens under compressive loading (Horii 
& Nemat-Nasser, 1985a, 1985b). The interaction between microfractures causes a sharp reduction in 
rock strength and influences the loading and unloading hysteresis (Brady & Rowell, 1986). Since 
stress distribution in rock can be complicated by the presence of bridging and microfracturing in the 
FPZ (Swanson et al., 1988), the general form of failure criteria assumes a normal stress function such 
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as tensile strength envelopes which are the main source of fracture development (Jaeger & Hoskins, 
1966; Potyondy & Cundall, 2004). 
Regarding the laboratory assessment of fracturing behaviour in rocks, fracture toughness is the most 
fundamental parameter, which used to establish the relationship between the sample geometries and 
fracture strength. In the literature, different computational approaches such as linear and nonlinear 
fracture mechanics, statistical fracture mechanics and dynamic fracture mechanics have been 
developed to understand the brittle failure mechanism in metals. However, fracturing principles have 
not been fully established for geomaterials because of their complexity and inhomogeneity, and 
consequently failure criteria are regularly approached in rock mechanics. Moreover, crack 
propagation in rock comprises various stages such as initiation, crack arresting, crack bridging, 
subcritical crack growth and crack branching, and thus a determination of fracture parameters in rock 
is not simply covered via a unique failure criterion (Al-Shayea, Khan, & Abduljauwad, 2000; Chang, 
Lee, & Jeon, 2002). 
Several factors influence the fracture process and they can be divided into internal and external causes 
(Balme et al., 2004; Jensen & Thouless, 1993; Zou, Li, Yang, & Hu, 2006). External factors generally 
included heterogeneities (structural factors and the different local strength of minerals due to a wide 
range of properties) (Xie, Gao, Yu, Zhang, & Jin, 2015), anisotropy (variation of the fracture strength 
as a function of fracture propagation direction) (Crawford & Bray, 1983), discontinuities (pre-existing 
cracks and flaws locally disturbed in the rock mass) (Einstein, Veneziano, Baecher, & O’Reilly, 1983; 
Eberhardt et al., 2004), surrounded stress states (in situ stress fields and influence on fracture 
propagation and developing new orientations) (Chang, Lee, & Jeon, 2002), and environmental 
conditions (such as thermal effects, radioactivity and radiation, pore water pressure, confining 
pressure, and deviator stress-strain conditions) (Carpinteri, Spagnoli, Vantadori, & Bagni, 2013; 
Chen, Chenevert, Sharma, & Yu, 2003; Ghamgosar et al., 2014).  
While different definitions for microfracture concepts have been suggested, in general, the 
microstructure is divided into four broad categories: microstructure displacement and particle rotation 
without permanent lattice dislocation, microstructure dislocation with material removal, mineral 
relocation without permanent lattice distortion, and permanent lattice dislocation as a typical 
microstructure feature (Eberhardt et al., 1998b).  
Other examples of micromechanical factors that have been studied in rock fracture mechanics are 
cleavage and roughness of microfracture surfaces (Xie, Wang, & Xie, 1997), crystallographic fabrics 
(Law, 1990), microcracks and microfracture, gouge zone, fluid inclusion layers (Goldstein & 
Reynolds, 1994), inter-crystalline and intra-crystalline deformations (Dahi-Taleghani & Olson, 2011; 
9 
 
Erarslan, 2013; Ghamgosar & Erarslan, 2015), and physio-chemical zoning (Carpinteri, Chiodoni, 
Manuello, & Sandrone, 2011). 
Considerable investigations into rock fracture mechanics have been conducted over the years. 
Regarding the research into fracture mechanics for rock-like material, applications have focused on 
the prospect of a shortage of energy and on mining procedures for low-grade minerals. Low-grade 
mining has led to significant improvement in excavation and mining mechanical technologies, 
quarrying methods, chemical and material disposal, underground structures, various caving methods 
and new cutting machine achievements (Hood & Alehossein, 2000; Balci, 2009; Guo, Aziz, & 
Schmidt, 1992). The importance of rock fracture mechanics lies in the fact that it deals with the micro-
fracture initiation and coalescence to macro-fractures through the entire body of rock.  
However, despite the metal or other type of material, cutting of rocks comprising of homogenous 
materials involves many unknown parameters, which result in different consequences for different 
loading states (Evans, 1984; Guo, Aziz, & Schmidt, 1992; Hood & Alehossein, 2000). The cutting 
process is one of the vital processes in the treatment of materials in a wide variety of industrial 
applications such as metal and concrete cutting, excavation, deep underground drilling, tunnel boring 
and civil road constructions. However, based on the current models for rock cutting, some critical 
parameters are deemed to control the fracture initiation and propagation in rock material. Significant 
efforts have been made to understand the mechanisms of rock cutting with an aim to improve cutting 
performance by changing methods of applied cutting forces from the machine to the rocks themselves. 
This chapter addresses the rock fracture and damage theories by referring to recent developments in 
rock damage, rock cutting and mechanical fragmentation industries. 
 
2.2 Rock Fracture Mechanics Models 
Failure processes in rocks occur as a result of two primary mechanisms: tensile and shear failures. 
The tensile strength of a brittle material such as rock and concrete is very sensitive to anisotropy and 
the presence of cracks. In fracture mechanics, it is postulated that tensile fractures are initiated from 
existing micro-fractures and flaws that coalescence into macro-fractures, eventually resulting in 
failure(s) in the rock (Labuz, Chen, & Berger, 1991; Litewka & Szojda, 2005; Malan & Napier, 1995; 
Miguel, Riera, & Iturrioz, 2008). Fracture propagation in rock structures such as underground or 
aboveground spaces has usually been approached with the basic concept of “material strength” with 
three main assumptions, therefore, considered for rock fracture models. The first is that crack 
initiation can be predicted in the laboratory by comparing the tensile strength of rock samples against 
a computed tensile stress. Second, it is assumed that rock material is elastobrittle and, therefore, that 
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the fracture initiation is instantaneous. Third, is the assumption that no information is available 
regarding the initiated crack length during the fracturing process (Atkinson, 1982). However, linear 
elastic fracture mechanics (LEFM) uses an alternative approach to model the crack propagation, 
which has become quite popular in rock mechanics. In LEFM, a material must have an initial flaw 
and cracks to model the crack propagation since LEFM is inapplicable to problems without initial 
cracks (Atkinson, Smelser, & Sanchez, 1982). Principles of LEFM are summarised as follows: 
(1) The properties of material and micromechanical behaviour are non-linear at the crack-front region, 
defined as the Fracture Process Zone (FPZ). The FPZ is small compared to the actual rock mass 
dimensions. Thus, the fracture criterion for crack follows the maximum critical fracture toughness 
value.  
(2) The critical stress-intensity factor is the primary controlling factor in a crack advancing.  
(3) The crack will continue to develop as long as the stress intensity is less than the magnitude of 
critical tensile stress. 
Most of the recent models have been established based on the non-linear models, and constitutive 
models are used to describe the inelastic behaviour in the fracture process zone. The following 
assumption is made for rigid patterns in fracture mechanics.  
(1) Mode I (pure tensile fracturing) is used to develop constitutive models associated with the stress 
versus crack mouth opening displacement (CMOD) that can be obtained from a displacement-
controlled fracture toughness test (Ghamgosar & Erarslan, 2015). 
(2) Stress can be transferred during the grain bridging and the unloading state. Therefore, the three–
dimensional nature of the crack surface must be considered (Atkinson, 1984).  
(3) Based on the fracture process zone and softening behaviour in the FPZ, all softening behaviour is 
limited to the right crack surface (Ingraffea, Gunsallus, Beech, & Nelson, 1984; Ingraffea, Perucchio, 
Han, Gerstle, & Huang, 1984).  
In addition to the assumed principles discussed above, in rock mechanics, there are other factors such 
as microfracture characteristics, the overall properties of the rock mass, scaled effects, and 
environmental causes that can directly influence fracture propagation, and thus, the assumption of the 
continuum response of rock cannot be entirely acceptable. In the actual practices related to rock 
failure analysis, the cracks can be determined in the region with different scales; however, localised 
plastic flow and stress concentration are the primary tools for studying fractures in rocks. The problem 
of fracture modelling in rock structures such as tunnels and underground spaces has usually been 
approached in engineering practices with the principal concepts of “deformation and strength of 
material models” as depends on the structural scale as shown in Figure 2.1.  
11 
 
 
Figure 2.1 Fracturing from microscale  to macroscale failure 
Therefore, the proper fracture mechanics approach is to apply cracking models based on the size 
effect of a problem. An alternative approach, which has become popular in rock mechanics, is to 
utilise linear elastic fracture mechanics (LEFM) to compute and predict fracture initiation and 
propagation. The basic concepts of the most common fracture criteria are discussed in the following 
sections.  
 
2.3 Initiation and Propagation of Rock Fractures 
The maximum tensile stress concentration is the most significant factor that controls the direction of 
the crack propagation. Thus, crack growth occurs in the direction of the axis perpendicular to the 
direction of the applied tensile loading (Hoek & Bieniawski, 1965; Anderson & Anderson, 2005). 
However, cracks could be stopped from further developing by another mechanism such as new 
induced stress and arrestment or overlapping conditions. As the crack geometry and orientation 
change during the fracture propagation, some simplifications are required to describe the ideal crack 
geometry. A series of smooth mathematical models have been used based on the solution for an ellipse 
in a homogeneous, isotropic, elastic continuum depending on the loading condition and the ellipse’s 
aspect ratio as illustrated in Figure 2.2 (Hoek & Bieniawski, 1965; Lajtai & Lajtai, 1974; Ashby & 
Sammis, 1990; Einstein & Dershowitz, 1990; Eberhardt, 1998; Wawersik & Brace, 1971). 
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Figure 2.2 Conceptual models for various crack geometries and inclinations: (a) elliptical 
Griffith cracks, (b) zero-width Griffith inclined cracks, and (c) elliptical axial cracks. 
Hoek and Bieniawski (1965) described several modes of energy losses by transferring elastic strain 
energy including: 
• Kinetic energy 
• Plastic energy  
• Energy dissipated by breaking the atomic bonds of minerals 
• Energy lost due to the mining (rock breaking, blasting, removal)  
Based on the Griffith (1921) experiments, there should be a simple balance between the applied and 
internal energy in the material to explain deformation and the work done by the applied stress in the 
plane strain condition. In another words, the total energy of the cracked plates is the sum of the applied 
external work, strain potential energy and the free surface energy in the Griffith’s single crack. 
Referring to the Griffith Energy, the criterion states that crack growth will happen when the total 
energy (𝐺𝑇𝑜𝑡𝑎𝑙) at the crack tip reaches a critical value 𝐺𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙, and thus, fracture instability is 
achieved when the following is met: 
𝐺𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 𝐺𝑇𝑜𝑡𝑎𝑙 
 
(2.1) 
Griffith developed his original stress analysis model to include uniaxial and biaxial failures around 
the open crack used to simulate the stability of underground spaces related to mining operations. 
According to reformulation, it was determined that under compressible loading, a crack might first 
close and undergo a shear movement before starting a new tensile displacement. This frictional shear 
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stress caused by the contact of the normal stress between the crack faces during the crack initiation 
and propagation stages. A tensile crack, which is the most compelling case in rock fracture analysis, 
must have a tensile stress at the crack tip. As a general conclusion, compressive and shear cracks can 
grow until a re-oriented tensile crack generates and propagates in front of the crack tip. This concept 
is discussed in the fourth paper (Appendix) which shows how increasing the grain size causes shear 
cracks to develop in the FPZ. The relationship between the plane strain fracture energy (𝐺), Young’s 
elastic modulus (𝐸), and the Poisson ratio (𝜗) can be shown as 
{
𝐾𝐼 = √𝐺𝐸                 
𝐾𝐼 = √𝐺𝐸(1 − 𝜗2)
 
Plane strain (2.2) 
Plane stress 
In the literature, it was shown that ignoring the (1 − 𝜗2) term will introduce a ~4% uncertainty in the 
obtained absolute value of energy terms and fracture toughness in a brittle failure. Regarding the 
provided difference in terms of plane stress or strains, it is concluded that for a brittle material, KIC 
is considered to be the stress intensity factor at which a single crack can initiate and propagate. Most 
of the experimental methods are assumed to be conducted in plane strain conditions, but the issue of 
plane strain or plane stress arises in a particular case for the calculation of stress intensity factors and 
fracture energy; and thus cannot be applicable for the complex rock fracture mechanism. 
 
2.4 Griffith Energy Consolidation Model 
Griffith (1921) proposed his crack model to explain how the tensile stress concentration in tips of 
small and thick cracks controls the brittle fracturing process. According to Griffith’s theory, fracture 
occurs when the loss of strain energy in the brittle material is sufficient to support the increase in 
surface energy. It should be emphasised that once a crack initiates, propagation proceeds in a stable 
or unstable fashion depending on how much energy is obtained to drive a crack through the rock. The 
practical application of Griffith’s theory conjugated with LEFM reveals that some factors will have 
an impact on the stress threshold of a Griffith crack (Eberhardt et al., 1998a; Eberhardt et al., 1998b). 
Griffith showed that if the stress concentration increases around the crack tip, the corresponding strain 
energy could be balanced by either strain energy or crack surface energy. Griffith determined the 
energy state around the crack necessary for cracks to grow. In fracture mechanics theory, failure 
happens when materials are stressed beyond the critical limits. In addition, Griffith demonstrated that 
the equilibrium state of an elastic material under surface loading is such that the potential energy of 
the whole system is at the minimum level. The equilibrium position can be used to demonstrate a 
broken or unbroken condition by involving the total potential energy in a material. To clarify this 
phenomenon, Griffith formulated a criterion for the propagation of an isolated crack within the elastic 
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body. From the potential energy point of view, a system is in equilibrium when the total potential 
energy of the system is balanced by the elastic strain energy stored in the crack surface: 
𝑊 = 𝑊𝑒 + 𝑊𝑠  (2.3) 
where 𝑊 is potential energy, 𝑊𝑒  is elastic strain energy and 𝑊𝑠  is surface energy in Griffith’s crack 
model. Griffith also postulated that the cracking is a reversible thermodynamic system, thus the 
energy-balance concept of Griffith’s theory can be written as  
𝜕𝑤
𝜕𝑟
= 0 
(2.4) 
where 𝜕𝑤 is the rate of energy and 𝜕𝑟 is the crack extension rate. The crack would propagate until 
the equilibrium is not maintained, based on equation (2.4). 
Therefore, for a uniform thickness of crack length, total potential energy (𝑊 = 𝑊𝑠 + 𝑊𝑒) can be 
determined from elastic strain 𝑊𝑒  and surface energy 𝑊𝑠  as follows: 
𝑊 = 4𝛼𝑐 +
𝜋𝑐2𝜎𝑇
2
𝐸
 
(2.5) 
where: 
𝜎𝑇= tensile strength of rock; 
𝐸= elastic Young’s modulus; 
𝑐= crack half-length, and 
𝛼= surface energy of a crack per unit area 
According to the Griffith model, although rock may be subject to compressive loading conditions, at 
the crack tip, tensile stress is the dominant component of stress.  
Hoek and Bieniawski (1965) modified Griffith’s (1921) brittle fracture model for rock mass to 
account for the effect of compression loading on fracture closure and fracture mechanics in hard 
rocks. A mathematical model by Inglis (1997) showed that local stress concentration at the sharp tip 
of a crack is several times greater than the applied compressive stress. Lawn (1993) modified Inglis’ 
mathematical model by derivation and formulation of stress and displacement components. 
Subsequently, Westergaard (1997) investigated the general form of stress concentration at the tip of 
cracks.  
Furthermore, modified models for stress concentration on sharp tips can be found in works by 
Sneddon (1946, 2013), and Gross and Seeling (2011). Horii and Nemat-Nasser (Horii & Nemat‐
Nasser, 1985b; Nemat‐Nasser & Horii, 1982) extended their experiments and theoretical models for 
the rock mechanics applications, and the model was later employed by Steif (1984). The concept of 
stress concentration at the crack tip was challenged by Reches and Lockner (1994) with their 
investigations into the fracture propagation model in relation to local interactions among a few 
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microcracks in shear modes. Local crack extension rates can be interpreted by assuming cohesive 
stress near the crack tip, which opposes the action of induced tensile stress as suggested by Dugdale 
(1960) and Barenblatt (1952, 1962). The positive or negative value of this rate demonstrates whether 
the crack tends to retract or extend. Solving the two-dimensional case of an elliptical crack that is 
subject to uniaxial tensile loading, the release rate of the strain energy and surface energy can be 
calculated as:  
𝑊𝑒 =
𝜋𝑐2𝜎𝑡
2
𝐸
 
(2.6) 
𝑊𝑒 = 4𝛼𝑐 (2.7) 
where 𝑐 is crack half-length, 𝛼 is the surface energy per unit area of a crack, 𝐸 is elastic Young’s 
modulus, and 𝜎𝑡 is the tensile stress applied to the rock. 
Griffith presented the ultimate failure load based on the strength parameters as follows: 
𝜎𝑢 = √
2𝐸′𝛼
𝜋𝑐
 
(2.8) 
where 𝐸′ = 𝐸 for plane stress and 𝐸′ = 𝐸 (1 − 𝜗2)⁄  for plane strain. The tensile failure stress from 
the Griffith model has proven to be practical in fracture studies involving brittle materials like metals, 
ceramics and glass. Reformulating the equation, Griffith showed the local compressive stress required 
for the crack growth was eight times larger than tensile stress, as: 
𝜎𝑐 ≥ 8 × √
2𝐸′𝛼
𝜋𝑐
 
(2.9) 
A logical exposition of the Griffith theory yields the concept of energy release rate, 𝐺. This energy 
rate explains that the crack would extend as 𝐺 exceeds the critical energy release rate, 𝐺𝑐, as shown 
in Figure 2.3. Modifying the Griffith tensile failure stress leads to the following: 
𝐺𝑐 = 2𝛼 =
𝜋𝑐𝜎𝑡
2
𝐸′
 
(2.10) 
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Figure 2.3 Concept of critical tensile energy in the FPZ based on the strain-softening 
behaviour of geomaterials 
However, the Griffith model is less relevant to rock mechanics problems, which predominately 
involve compressive or shear conditions. This model was later modified by McClintock and Walsh 
(1962), and numerically investigated for similar rock fracturing studies.  
The relationship between fracture toughness and critical energy was investigated by Irwin et al. 
(1958).  The equivalence between the fracture energy (𝐺𝑐) and the fracture toughness, 𝐾𝐼𝐶 , which is 
the critical value of the stress intensity factor and can be calculated as: 
𝐾𝐼𝐶 = 𝜎𝑡√𝜋𝑐 (2.11) 
and also, 
𝐺𝑐 =
𝐾𝐼𝐶
2
𝐸′
 
(2.12) 
A higher strain energy rate can be achieved under considerable load and with larger cracks. In brittle 
material like rocks, 𝐺𝑐 could be equated to the fracture surface energy and the brittle crack grows if 
this condition can be maintained spontaneously. However, the quantification of microfracture 
damages in the FPZ has proven to be critical for rock fracture mechanics, but as discussed, most of 
the empirical or theoretical models only describe the ultimate condition of failure and cannot identify 
the stages of crack development in a nonlinear failure process. 
 
2.5 Linear Elastic Fracture Mechanics Approach 
To analyse the stress state at the crack tip in a linear elastic model one must first define the crack 
location in a body of rock. The simplest model based on LEFM can be shown by an embedded crack, 
which it can be used to measure any displacement that may occur on the sides of the proposed crack 
line. 
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Fracture mechanics assumes that a crack can deform in three primary modes: a tensile opening (Mode 
I), an in-plane shear (Mode II) or an out-of-plane tearing (Mode III). The fracture modes are classified 
according to the response of a crack to the loading on the fracture tip in regard to the displacement 
(Lawn, 1993; Anderson & Anderson, 2005). The three principal fracture modes in LFEM are shown 
in Figure 2.4.  
 
 
Figure 2.4 Three modes of cracking under different loading conditions: tensile fracture (Mode 
I), shear fracture (Mode II) and tearing fracture (Mode III) 
In Mode I, tensile mode, the crack exhibits displacement perpendicular to the crack plane, so two 
surfaces open up and separate from each other vertically as depicted in Figure 2.4 (Mode I). The 
direction of the crack propagation is within the plane of the crack. The tensile fracture model in 
Griffith’s theory is valid for cracks under tensile loading; however, for the compressive condition, 
Griffith theory can be extended to examine tensile stress concentrations around the different 
orientations of cracks. 
Mode II corresponds to edge sliding, and the crack faces move relative to each other in the crack 
plane parallel to the direction of the crack (Figure 2.4, Mode II). An LEFM approach may be used to 
evaluate the process zone extension in the brittle material depending on the grain size and loading 
modes (Labuz & Biolzi, 1998; Zhang, Bay, Roegiers, Wang, & Liu, 2000; Zhao, Fang, & Zhao, 
2011).  
In Mode III or tearing mode, the crack faces move about each other so the displacement of the crack 
surfaces is in the crack plane, but parallel to the crack front (Figure 2.4, Mode III).  
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Considering a Chevron crack in a body of rock loaded in the direction as shown in Figure 2.5, the 
theory of stress intensity, in particular, Muskhelishvili-Kolosov and Westergaard stress analysis 
methods can provide a clear vision of stress and displacement components in the fracture propagation 
(Erdogan & Arin, 1972, Westergaard, 1997). 
 
 
Figure 2.5 Stress components in a rectangular coordinate system (right) by considering the 
geometry of a CCNBD specimen for fracture toughness test (left) 
There are different methods to calculate stress intensity of a crack tip (with zero crack tip radius) 
(Yau et al., 1980, Arrea, 1982, Sanford and Dally, 1979). In Mode I of fracture toughness, the semi-
inverse method was used by (Brussat and Westmann, 1975) to calculate stress intensity factors in a 
polar system as: 
𝜎𝑟𝑟 =
𝐾𝐼
√2𝜋𝑟
(
5
4
𝑐𝑜𝑠
𝜃
2
−
1
4
𝑐𝑜𝑠
3𝜃
2
) +
𝐾𝐼𝐼
√2𝜋𝑟
(−
5
4
𝑠𝑖𝑛
𝜃
2
+
3
4
𝑠𝑖𝑛
3𝜃
2
) 
(2.13) 
𝜎𝜃𝜃 =
𝐾𝐼
√2𝜋𝑟
(
3
4
𝑐𝑜𝑠
𝜃
2
+
1
4
𝑐𝑜𝑠
3𝜃
2
) −
𝐾𝐼𝐼
√2𝜋𝑟
(
3
4
𝑠𝑖𝑛
𝜃
2
+
3
4
𝑠𝑖𝑛
3𝜃
2
) 
(2.14) 
𝜎𝑟𝜃 =
𝐾𝐼
√2𝜋𝑟
(
1
4
𝑠𝑖𝑛
𝜃
2
+
1
4
𝑠𝑖𝑛
3𝜃
2
) +
𝐾𝐼𝐼
√2𝜋𝑟
(
1
4
𝑐𝑜𝑠
𝜃
2
+
3
4
𝑠𝑖𝑛
3𝜃
2
) 
(2.15) 
where 𝑟, 𝜃 are the polar coordinate components and 𝜎𝑟𝑟, 𝜎𝜃𝜃 , and 𝜎𝑟𝜃 are corresponding stress 
components in two dimensional spaces.  
By changing the coordination frame from polar to a rectangular space: 
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𝜎11 =
𝐾𝐼
√2𝜋𝑟
𝑐𝑜𝑠
𝜃
2
(1 − 𝑠𝑖𝑛
𝜃
2
𝑠𝑖𝑛
3𝜃
2
) −
𝐾𝐼𝐼
√2𝜋𝑟
𝑠𝑖𝑛
𝜃
2
(2 + 𝑐𝑜𝑠
𝜃
2
𝑐𝑜𝑠
3𝜃
2
) 
(2.16) 
𝜎22 =
𝐾𝐼
√2𝜋𝑟
𝑐𝑜𝑠
𝜃
2
(1 + 𝑠𝑖𝑛
𝜃
2
𝑠𝑖𝑛
3𝜃
2
) +
𝐾𝐼𝐼
√2𝜋𝑟
𝑐𝑜𝑠
𝜃
2
𝑠𝑖𝑛
𝜃
2
𝑐𝑜𝑠
3𝜃
2
 
(2.17) 
𝜎12 =
𝐾𝐼
√2𝜋𝑟
𝑐𝑜𝑠
𝜃
2
𝑠𝑖𝑛
𝜃
2
𝑐𝑜𝑠
3𝜃
2
+
𝐾𝐼𝐼
√2𝜋𝑟
𝑐𝑜𝑠
𝜃
2
(1 − 𝑠𝑖𝑛
𝜃
2
𝑠𝑖𝑛
3𝜃
2
) 
(2.18) 
According to the stress intensity analysis in both polar and Cartesian coordinates, stress intensity 
factors 𝐾𝐼 and 𝐾𝐼𝐼 can be determined by: 
{
𝐾𝐼 = 𝜎𝑛√𝜋𝑎
𝐾𝐼 = 𝜏√𝜋𝑎
 
normal stress test (2.19) 
shear stress test  
The fracture toughness parameter has been shown to be a constant material property that can be 
measured by laboratory tests (Franklin et al., 1988). The minimum value is known as the critical 
toughness value or 𝐾𝐼𝐶  and can be determined for the most solid materials by conducting standard 
fracture toughness tests under plane strain boundary conditions. In rock mechanics, fracture 
toughness can be used to develop a failure criterion which indicates the degradation in load-capacity 
ability of rock under the applied loads. Stress analysis techniques are powerful tools for geotechnical 
engineers in association with finite element methods (FEM) for determining the size, shape, and 
location of stress concentration in a rock.  
The stress intensity is a scale factor indicating the stress in the (𝑟, 𝜃) coordinate at a crack tip. For two 
different rock specimens, the stress intensity factor can be almost the same if the applied stress 
magnitude at the same coordination around the crack tip is similar. If the stress intensity is kept at a 
fixed magnitude, but the external stress is increased, the energy balance criterion will be satisfied and 
crack extension will occur. Therefore, this parameter can be determined experimentally for all 
materials including rocks. Accordingly, a wide range of stress intensity factors have been proposed 
for different shapes of specimens and engineering applications such as those summarised in Table 
2.1. As shown in Table 2.1, the identification of microfracture damage in the FPZ is not addressed in 
proposed testing methods. Microfracturing phenomena and progressive damages are discussed in this 
research by identification of micromorphology and image analysis of the FPZ supported with the 
numerical models.  
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Table 2.1 Stress intensity factor obtained from different applications and different testing 
methods 
Crack 
model 
Test type Stress intensity equation Authors 
Infinite 
plate 
Uniform uniaxial 
stress 
𝐾𝐼 = 𝜎(√𝜋𝑎) 
(Rooke & 
Cartwright, 
1976a) 
 
Penny-
shaped 
crack 
 
Uniaxial tension 𝐾𝐼 = 2𝜎(√
𝑎
𝜋
) (Sneddon, 1946) 
Crack in a 
plate 
Point in-plane force 
 
𝐾𝐼 =
𝐹𝑥
2√𝜋𝑎
(
𝑘 − 1
𝑘 + 1
) [𝐺1 +
1
𝑘 − 1
𝐻1] 
𝐾𝐼𝐼 =
𝐹𝑥
2√𝜋𝑎
[𝐺2 +
1
𝑘 + 1
𝐻2] 
 
(Erdogan, 1962) 
 
Edge crack 
in a plate 
Length 𝑎, semi-
infinite plate 
 
𝐾𝐼 = 𝜎 √𝜋𝑎
[
 
 
 
 1 + 3 (
𝑎
𝑏)
2√𝜋
𝑎
𝑏 (1 −
𝑎
𝑏)
3
2⁄
]
 
 
 
 
 
 
(Gross & Seelig, 
2011) 
 
Slanted 
crack 
Biaxial stress field 
 
 
𝐾𝐼 = 𝜎(√𝜋𝑎)(𝑐𝑜𝑠
2𝛽 + 𝛼𝑠𝑖𝑛2𝛽) 
𝐾𝐼𝐼 = 𝜎(√𝜋𝑎)(1 − 𝛼)𝑠𝑖𝑛𝛽𝑐𝑜𝑠𝛽 
 
(Sih et al., 1962) 
 
Finite plate 
Uniform uniaxial 
tensile stress 
 
𝐾𝐼 = 𝜎 √𝜋𝑎
[
 
 
 1 −
𝑎
2𝑏 + 0.326 (
𝑎
𝑏)
2
√1 − (
𝑎
𝑏) ]
 
 
 
 
 
(Isida, 1966) 
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Crack 
model 
Test type Stress intensity equation Authors 
Compacted 
crack 
Tension 
 
𝐾𝐼 =
𝑃
𝐵
√
𝜋
𝑊
[16.7 (
𝑎
𝑊
)
1
2⁄
− 104.7 (
𝑎
𝑊
)
3
2⁄
+ 369.9 (
𝑎
𝑊
)
5
2⁄
− 573.8 (
𝑎
𝑊
)
7
2⁄
+ 360.5 (
𝑎
𝑊
)
9
2⁄
] 
 
(Bower, 2009) 
 
Point loaded 
edge crack 
Bending notch 
specimen 
 
𝐾𝐼 =
4𝑃
𝐵
√
𝜋
𝑊
[1.6 (
𝑎
𝑊
)
1
2⁄
− 2.6 (
𝑎
𝑊
)
3
2⁄
+ 12.3 (
𝑎
𝑊
)
5
2⁄
− 21.2 (
𝑎
𝑊
)
7
2⁄
+ 21.8 (
𝑎
𝑊
)
9
2⁄
] 
 
(Strawley & 
Gross, 1967 
Comments: 
𝑘=  stress intensity, 𝑎= half of a crack length,  𝑊,𝐵= wide of the specimen, 𝐻= sample height, 
𝛽= crack angle 
 
Most of the numerical software such as ABAQUS and PFC, employ unbalanced forces and element 
deformation histories to provide components of strain energy in a numerical analysis. This is also the 
type of model employed in this study. Energy dissipation causes damages to the internal structures of 
rock and continuously deteriorates the microstrength of the FPZ under cyclic loading. The numerical 
models that were used in this research can describe the development of damage based on the strain 
energy and maximum stress situation in the FPZ (region ahead of a crack tip). 
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Two different loading methods are used in the experimental procedure: loading with a constant 
displacement and loading with a constant force. The loading conditions are shown in Figure 2.6. 
 
 
Figure 2.6 Crack propagation models based on; (a) displacement-controlled test, and (b) 
loading-controlled test (from Whittaker, Singh, & Sun, 1992) 
The energy terms can be considered for the entire cracks in a rock body or a finite extension of the 
existing crack. In practical engineering applications, it can be an actual advantage to describe the 
failure condition based on the applied load, the cross-section of the new crack surface, plastic 
deformation and displacement and elastic compliance. Although axial load control tests make the 
loading machine and testing setup more flexible, we used the displacement-based control to obtain 
detailed information about the post-failure behaviour in cyclic and static tests. 
Regarding the conducting of experimental fracture toughness test on rocks, ISRM has also suggested 
some experimental methods to determine the fracture toughness of rock specimens for which peak 
load and sample geometry are required for the fracture toughness calculation. According to some 
loading alignment, it is possible to measure the mixed mode of fracture toughness, i.e. in CCNBD 
specimens. Table 2.2 provides a summary of some of the ISRM methods to determine fracture 
toughness of rock material proposed for Mode I, Mode II, or mixed Mode I-II conditions.  
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Table 2.2 Common fracture toughness test used for rock testing suggested by ISRM 
Method Symbol Derived by 
Fracture 
mode 
Loading 
type 
Simplicity 
Preparation 
Testing 
setup 
 
Chevron 
notched short 
rock method 
 
SR 
(Barker, 
1977) 
Mode I Tensile Difficult Complicated 
Chevron edge 
notched round 
bar in bending 
CB 
 
(Ouchterlon
y, 1980, 
Ouchterlony 
& Zongqi, 
1983) 
Mode I 
Three 
points 
bending 
Quite 
difficult 
Complicated 
Straight 
notched semi-
circular 
bending 
 
CNSCB 
(Awaji & 
Sato, 1978; 
Sánchez, 
1979; 
Atkinson et 
al., 1982) 
Mode I 
and II 
Three 
points 
bending 
Simple Simple 
Central 
through 
chevron notch 
CCNBD 
 
(Shetty et 
al., 1985, 
1987, 1995) 
Mode I 
and II 
Diametral 
Compression 
Quite 
difficult 
Simple 
Punch through 
shear test 
PT 
(Backers, 
Stephansson
, & 
Rybacki, 
2002) 
Mode II 
Triaxial 
Compressive 
Complicated Difficult 
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Method Symbol Derived by 
Fracture 
mode 
Loading 
Type 
Simplicity 
Preparation 
Testing 
setup 
Radial cracked 
ring test 
RCRT 
(Kazemi, 
Murphy, & 
Raju, 1989) 
Mode I Compression Simple Difficult 
Modified ring 
test 
MRT 
Thiercelin 
& Roegiers, 
1986) 
Mode I 
Diametral 
Compression 
Simple Difficult 
Single edge 
cracked half 
disc 
HDB 
(Chong & 
Kuruppu, 
1984) 
Mode I 
Three-point 
bending 
Simple Simple 
Round 
compact disc 
in tension 
RCT 
(Sun & 
Ouchterlony
, 1986) 
Mode I Tensile Difficult Difficult 
Axial crack 
round bar in 
compression 
splitting 
ACRBC 
(Kendall, 
1978) 
 
Mode I 
and II 
Compression 
splitting 
Simple Difficult 
Single edge 
notched round 
bar in bending 
SENRB
B 
Ouchterlony
, 1980; 
Swan, 
1980) 
Mode I 
Three 
points 
bending 
Simple Difficult 
Circumferentia
lly notched 
round bar in 
bending 
CNRBB 
(Barr & 
Bear, 1976) 
Mode I 
Three 
points 
bending 
Difficult Simple 
Crack hollow 
cylinder Burt 
test 
BT 
(Santarelli 
& Brown, 
1989) 
Mode I 
Pressurising 
internally 
Difficult Difficult 
 
Despite the laboratory experiments, the analysis of the crack tip in the far field was developed based 
on the single loading system. If the crack was loaded under two or more different loading conditions, 
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the superposition principle could be used. Fracture toughness tests will be used to determine the 
critical stress intensity factors of the material, but this does not address the history of fracture progress. 
By conducting fracture toughness tests, failure stress (𝜎𝑓) could be calculated which is related to the 
crack length (𝑎) and specimens’ geometry factor (𝛼) by: 
𝜎𝑓 =
𝐾𝐼𝐶
𝛼√𝜋𝑎
 
(2.20) 
where, 𝐾𝐼𝐶  is the critical stress intensity factor for the testing material (Roylance, 2001).  
Crack opening displacement also indicates a possible parameter to explain plastic deformation in the 
FPZ, and this parameter is measured in this study to validate the deformation results obtained from 
the numerical analysis. The concept of fracture stress distribution and crack mouth opening is 
depicted in Figure 2.7. 
 
Figure 2.7 Stress distribution in the FPZ, plastic and elastic stress states and the crack 
opening parameter (modified after from Ingraffea et al., 1984b) 
Tensile failure is one of the most important issues in rock mechanics and mining designs and happens 
in coal seams and slope instabilities. Therefore, tensile failure can follow the same mechanism as 
occurs in the fracture toughness experiments. Most of the failure criteria also employed tensile stress 
in the equations, while in regard to the microfracturing phenomena in the FPZ as discussed above and 
shown in Figure 2.7, tensile fracturing stress must be assessed in the FPZ rather than in the entire 
rock body. Recent laboratory tests illustrated in Table 2.3 show there is a strong relationship between 
the tensile failure and tensile fracturing in hard rocks (Ghamgosar, Erarslan, & Tehrani, 2016). Some 
representative values for the tensile failure, and fracture toughness test are listed in Table 2.3. As 
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discussed, the laboratory results indicate that by increasing the tensile strength of the rock, fracture 
resistance is also increased. 
Regarding competence and isotropic rock types, it is expected that the tensile failure trend should be 
in a similar pattern to fracture propagation, while for the soft and anisotropic rock more research 
needs to be conducted to determine fracture propagation patterns (Ghamgosar & Erarslan, 2016). In 
a rock structure, crack formation and growth play a critical part in the stability analysis and in safer 
performance of underground design.  
Table 2.3 Mechanical test results for Tuff and Monzonite specimens (after five replications of 
each test) 
Test Type Tuff Monzonite 
Uniaxial compression test (MPa) 
 
178.90 180.34 
185.37 169.72 
194.09 184.98 
187.93 198.39 
200.26 194.92 
Average UCS (MPa) 189.31 185.67 
Brazilian indirect tensile test (MPa) 
9.34 11.26 
10.23 10.87 
11.27 11.74 
10.36 11.28 
10.46 10.76 
Average BTS (MPa) 10.33 11.18 
Cracked chevron notched Brazilian disc fracture toughness 
test (MPa√m) 
1.73 1.89 
1.84 1.87 
1.76 1.98 
1.78 1.97 
1.74 2.01 
Average KIC (MPa√m) 1.77 1.94 
 
Unstable microfracture growth continues to the point where the rock cannot tolerate any additional 
load, a condition that can be identified in crack spacing in coal seams, altered fracture directions in 
oil reservoirs, the instability of a rock slope as a result of developing tension-shear cracks, and 
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deformation or failure in pillars due to microfractures developing in damage zones. A rational design 
for a geotechnical project should use realistic models based on calibrated numerical models 
conjugated with experimental results, as is the case in this research. On the other hand, classic fracture 
mechanics and theoretical LEFM models can possibly be applied to all large-scale rock mass 
problems, as the calculation and modelling becomes more complicated and sophisticated. The cases 
that cause complexity in fracture modelling may involve diverse phenomena such as intergranular 
cracks, intragranular fractures, two or more parallel fractures, shrinkage strains, bent shear cracks and 
a combination of fractures in Mode I, II, and even in Mode III (Ghamgosar & Erarslan, 2016). The 
next section looks at the fracture process zone (FPZ), one of the key factors in the micromechanical 
analysis of fracture behaviour in rock, along with related terminologies and information based on the 
literature review and the experimental results of the current research. 
 
2.6 Fracture Process Zone (FPZ) 
  Propagation of microfractures in the FPZ  
Crack propagation is a complex phenomenon and advanced experimental methods are usually 
required to predict fracture development and propagation. When rocks are subjected to a new stress 
state by increasing the applied loads, subtle openings of new microfractures can result in fracture 
propagation. The fracture mechanics concepts focus on two main parts of the fracturing process in 
rock: crack initiation, which may depend on fracture toughness, and crack development that mainly 
follows the FPZ (Whittaker et al., 1992). As rock contains minerals and shaped grains, cracks can be 
divided into intergranular cracks (that propagate between the mineral and grains), intra-granular 
cracks (that propagate through the grains) and grain boundary cracks (that are located at the 
intersection of minerals boundaries) (Eberhardt et al., 1998; Erarslan & Williams, 2012; Ghamgosar 
& Erarslan, 2016). The FPZ geometry depends on the internal factors, grain size, grain interlocking 
features, grain strength, and external factors such as the type of applied loading (static, cyclic or 
dynamic and environmental conditions) (Bahat, Rabinovitch, & Frid, 2005; Labuz et al., 1991; Zhang 
et al., 2000; Zhang et al., 2005; Ghamgosar et al., 2014). 
Some studies have showed that the FPZ size depends on the state of decohesion of rock grains in 
front of the initial cracks (Whittaker et al., 1992). 
The basic microfracture population mechanism model assumes that a crack can develop as an 
elliptical microcrack (Pollard & Johnson, 1973; Griffith, 1921). In this model, axial stress is applied 
parallel to the micro crack axis, and tangential stress is applied to the microfracture surface. Surface 
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tangential stress varies from a negative value (tensile mode) at the surface to a compressive value 
along the long axis of an elliptical crack.  
In the plastic zone theory, it has been postulated that material in the vicinity of the crack tip practically 
doesn’t contain any stress, and the material undergoes plastic deformation rather than yielding 
behaviour, and this region can be described as the FPZ (Irwin, 1960; Barenblatt, 1959). 
Rock behaviour is nonlinear in the FPZ, and plastic deformation causes stress concentration at the 
crack tip and reduces the strength of the rock by progressing the crack (Broberg, 1999). The basic 
concept of fracture evolution in the FPZ was developed based on the nonlinear behaviour of rock in 
the FPZ by introducing J-integral and crack opening displacement (COD) approaches that can account 
for relatively large crack tips in rock (Exadaktylos & Vardoulakis, 2001). Dugdale (1960) took this 
advantage and proposed that there is a particular plastic zone in front of the crack tip.  As shown in 
Figure 2.8, this fracture process zone is defined as the area of decohesion in front of the crack tip 
where the coalescence of microcracks initiates from microcracks (Ghamgosar, Erarslan, & Williams, 
2016). 
 
Figure 2.8 Concept of the FPZ and fracturing in a tested semi-circle CCNBD specimen 
Despite the theoretical predictions and the size and shape of the FPZ, the actual plastic zones are 
different compared to FEM models, which poses a challenge for rock mechanics researchers. In rocks 
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like concrete, due to the heterogeneity of the mineral and grains, the main crack surface of a tested 
sample cannot be smooth as FEM models (Hu & Wittmann, 1992).  
Rock fracturing is an action of rock body separation and the rock can be divided into three scaled 
fracture zones, i.e. micro-, meso- and macrofractures (at least two species of microcracks). The onset 
of microfractures has a significant effect on the macrofracturing behaviour of rocks and the 
consequences include deterioration of elastic properties induced mineral anisotropy, volume 
dilatation and plastic strain. Experimental works have been conducted on an inclined cracks angle 
and on multiple fractures to measure the stress–strain behaviour of a full rock to the opening and 
closing of Griffith cracks (Horii & Nemat‐Nasser, 1985b; Brace & Bombolakis, 1963; Ashby & 
Hallam, 1986; Bobet & Einstein, 1998; Wong, Baud, & Klein, 2001). In brittle material such as rock 
and concrete, the fracture system consists of the FPZ, which is represented in Figure 2.9 (Ba & 
Kazemi, 1990; Bazant, 1984; Atkinson, 1984).  
 
 
Figure 2.9 Development of the FPZ (a) effect of loading on coalescence of microfractures and 
(b) the constitutive model for strain-softening behaviour of geomaterials subjected to a Mode 
I fracture (adapted from Atkinson, 1984) 
Cracks of different sizes in the process zone, such as micro-, meso- and macrocracks grow into the 
intact part of the rock due to the increasing of tensile stress, which illustrated schematically in Figures 
2.8 and 2.9. 
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 Determining the size of the FPZ  
The FPZ zone includes microcracks and mesocracks, which emerged before and after the main 
fracture growth and ultimately coalescence into macrofractures at the failure stage. Another type of 
fracture that propagates from the mesocracks or macrocracks is called a branched crack, which can 
be seen mostly in fatigue and cyclic failures.  
Laboratory and numerical investigations have shown that the width of the FPZ depends on grain size, 
the strength of the material and loading type (Zang et al., 2000; Zhai et al., 2004; Zhao et al., 2010, 
2011; Ghamgosar, Erarslan, & Williams, 2016). The elliptical crack model by Irwin can be 
reformulated using Westergaard’s crack model to provide the FPZ dimensions based on the stress, 
and fracture toughness directly in front of the crack in polar coordinates (Atkinson, 1984): 
𝑟𝐹𝑃𝑍 =
1
2𝜋
𝐾𝐼
2
𝜎𝑇
2  
(2.21) 
where 𝑟𝐹𝑃𝑍 is the FPZ radius (Irwin model), 𝐾𝐼 fracture toughness in Mode I, and 𝜎𝑇 is the yield 
tensile stress as shown in Figure 2.10. 
 
Figure 2.10 Fracture process zone: (a) CCNBD specimen with maximum tensile stress 
distribution at the FPZ, and (b) theoretical stress distribution in polar coordinates system 
(Ghamgosar, Erarslan, & Williams, 2016) 
According to the equation shown in Figure 2.10, the maximum size of the FPZ can be obtained at by 
applying the maximum normal stress criterion as: 
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𝑟(𝜃 = 60°) = 0.269 (
𝐾𝐼
𝜎𝑡
)
2
 
(2.22) 
Typical fracture experiment on the Indian Limestone expressed that for 𝐾𝐼𝐶= 750 Psi √in and 𝜎𝑡=750 
Psi, the theoretical size of the FPZ should be larger than  r =0.133 inc. (0.33 cm). The experimental 
results showed that the real FPZ cannot be constant as Eq. 2.22 states, and will increase under cyclic 
loading (Ghamgosar et al., 2015). From the standard CCNBD test, is possible to obtain CMOD results 
and use them to estimate the FPZ dimensions.  
Since maximum tensile stress is used in rock mechanics instead of the yielding criterion as utilised 
for metals, the size and shape of the FPZ for rocks is different. The FPZ is localised due to the 
softening process in rock, and the chevron crack tip is too narrow to investigate the softening in front 
of the crack tip. The FPZ size calculated experimentally for tuff and monzonite by using the CCNBD 
specimen revealed that the tensile strength of the rock can influence the size of the FPZ (Ghamgosar, 
Erarslan, & Williams, 2016). Table 2.4 displays FPZ sizes for concrete, hard mortar mixture, and 
hard rock obtained via experimental methods. 
Table 2.4 Summary of general fracture process zone sizes for some selected materials 
Authors  
Experimental  
methods 
Specimen 
type 
Notch 
length 
(mm) 
Material 
type 
 
Technique 
used 
FPZ 
length 
(mm) 
(Ansari, 
1989) 
Tree points 
bending 
Beam 2.54 
 
Concrete 
 
Laser sparkle 
interferometry 
3.98-14.5 
(Krstulovic-
Opara, 
1993) 
Tensile test Beam 1.01-1.5 
 
Mortar 
 
Scanning 
electron 
microscopy 
15.24 
(Ghamgosar 
& Erarslan, 
2016) 
 
Diametral 
compression 
Disced 
Brazilian 
(CCNBD) 
16 Rock 
Acoustic 
Emission 
2.5-16.00 
(Fakhimi & 
Tarokh, 
2013) 
Tree points 
bending 
Beam 2-12.8 Rock 
Numerical 
modelling 
3.6-22 
 
32 
 
The non-linear process zone ahead of a crack initiated from flaws or a machined notch, develops to 
intense clusters of microfractures and fully progresses to macrocracks. During stable crack growth, 
the crack coalescence takes place when the local maximum principal stress at the tip of the crack 
reaches the ultimate tensile strength of the rock in the direction of the uniaxial loading. Tensile stress 
induces at the tip of flaws, and microfracturing is extended from pre-existing cracks through the 
development of what is known as wing cracks caused by the compressive loading. However, Boone, 
Wawrzynek, and Ingraffea (1986) discussed that the FPZ has a greater physical dimension that is 
related to the progressive strain softening in the rock. This concept implies that the small scale 
yielding in rock based on the LEFM condition is never met, and this is why the image analysis of the 
actual fracture experiment is more important for rocks, which motivated the current study in which 
the CT-scan technique was used to investigate the morphologies of features in the FPZ (Ghamgosar, 
Erarslan, & Williams, 2016a). 
 
  Effect of grain size on rock fracturing   
Rock fracturing can be studied based on the two physical phenomena that account for the fracturing 
behaviour of rock as a grained material: (1) microfracturing near the crack tip, and (2) ligament 
connection due to aggregate interlocking (bridging phenomena). The FPZ size typically can reach 
about five to ten times the average size of the rock grains (Zang et al., 2000; Ghamgosar & Erarslan, 
2016; Hoagland, Hanh, & Rosenfield, 1973). However, Whittaker (1992) obtained an FPZ with a 
larger grain size than 40 mm. Broberg (1999) defined the process zone as the area in the state of 
decohesion, in front of the fracture tip and in the wake of it, where microcracks coalesce to form the 
through-grains separation. Grain size has a significant effect mainly in controlling the cracking 
behaviour once cracks initiate and begin to propagate (Eberhardt et al., 1998b). However, previous 
studies have predominately only discussed macroscale prospects, while this study offers a quantitative 
approach to consider the effects of microfractures in the fracturing process. 
Image processing results revealed that a longer grain area results in larger intergranular cracks, which 
provides a greater FPZ in which to grow new cracks. All of these were initially observed by using a 
Scanning Electron Microscope (SEM), and various conclusions have been drawn about fracture 
propagation in the weaker planes (Erarslan & Williams, 2012). Numerous laboratory observations 
showed that fractures are occurring between grain boundaries or within the softer grain along 
cleavage planes in the rock (Brace, 1963; Jaeger & Hoskins, 1966; Sprunt & Brace, 1974; Erarslan, 
2013; Ghamgosar, Erarslan, & Williams, 2016). In conclusion, the fracture process can be divided 
into four types of microcrack categories: 
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• grain boundary cracks (cracks associated with grain boundaries), 
• intergranular cracks (cracks extending from a grain boundary into another grain), 
• intragranular cracks (cracks that extend wholly within the grain), and 
• multigranular cracks (cracks cross several grains and grain boundaries). 
Terms like crystalline or granular fractures can be applied to rock types, which include crystalline 
minerals or coarse granular texture, as briefly illustrated in Figure 2.11 (Beachem, 1972; Erarslan, 
2013). 
 
Figure 2.11 Typical microfracture patterns: (a) transcrystalline fractures, (b) intercrystalline 
fractures, (c) transgranular fractures, and (d) intergranular fractures 
Once a crack initiates, the crack extension will be stopped when energy to drive the crack reaches the 
lower level of critical energy. 
Many laboratory observations confirmed that the significant length of cracks is related to the grain 
size in the rock and the rock strength (Brace & Bombolakis, 1963; Friedman, Handin, Higgs, & Lantz, 
1979; Fredrich, Evans, & Wong, 1990; Hugman III & Friedman, 1979).  
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 Fatigue mechanism  
Determination of fracturing behaviour is essential for any engineering design process related to the 
micro- and macroscopic scale items. The fatigue mechanism in rock mechanics, as a branch of 
damage mechanism in material science, is the weakening of rock material caused by cyclic or 
dynamic load. Fatigue can be locally increased, and damage can be developed when a rock is 
subjected to cyclic loading (Erarslan & Williams, 2012). Determination of rock fatigue life is 
important in design and post assessing regarding safety and reliability. Principal components involved 
such as frequency, amplitude and fatigue lifetime have been studied in the literature (Kachanov, 2013; 
Allix & Hild, 2002; Chaboche, 1988; Murakami & Kamiya, 1997), while fewer attempts were 
dedicated to investigate FPZ dimensions under cyclic loading. Moreover, since loading–unloading 
phases influence the fatigue in the rock under repeated loading and yet there are no experimental 
studies that focus on the role of unloading in cyclic loading, this effect was experimentally examined 
in this study. Under certain thresholds of amplitude and frequency, microfractures will begin to form 
visible cracks and cause stress concentration in grain interfaces and initial crack tips. However, in 
static loading that is not the case as fatigue is usually associated with cumulative damage. The effects 
of amplitude and frequency were also investigated in this study (Erarslan & Ghamgosar, 2014). 
The fatigue damage mechanism is related to different variables such as density of rock grains, size of 
grains, rock matrix, orientation of microscopic defects etc. These variables can be subsequently 
embedded into the constitutive equations in the damage state and used to describe crack growth of 
micro- and macroscale cracks. This technique has been employed and included in the 
thermodynamics framework and found to be applicable to many concepts (Kyoya, Ichikawa, & 
Kawamoto, 1985; Zhang & Cai, 2010) such as fatigue in cyclic loading (Erarslan & Ghamgosar, 
2014), creep-fatigue interaction (Lemaitre, 1985; Lemaitre & Plumtree, 1979), coupling between 
creep and damage mechanics (Chang et al., 2002; Chaboche, 1988; Mazzotti & Savoia, 2003), ductile 
plastic damage  (Zhou et al., 2008; Saksala, 2010), and brittle damage (Ashby & Sammis, 1990; 
Costin, 1985; Eberhardt, Stead, & Stimpson, 1999). Some researchers have investigated the effect of 
cyclic loading on brittle material such as concrete and ceramic and reported sample failure at a stress 
level lower than static and monotonic (Attewell & Farmer, 1973; Evans & Linzer, 1976; Ghamgosar 
& Erarslan, 2016). In practical geotechnical operations, for instance in various underground or open 
cut mining operations, rock mass can be subjected to cyclic and fatigue loadings caused by blasting, 
rock cutting, drilling and excavations. Therefore, cyclic damage or fatigue phenomenon can be used 
to investigate rock mass stability problems and utilised for a safe design. It has been shown that rock 
like other material can undergo failure at a stress level lower than the monotonic or static loading 
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(Ghamgosar & Erarslan, 2016). The accepted main mechanism in the rock fatigue process is referred 
to as stress corrosion, which it is most sensitive to the applied stress level, whereas cyclic fatigue is 
most susceptible to amplitude and frequency. By using cyclic loading, a 30–46% reduction in fracture 
toughness can be achieved compared to the static loading (Ghamgosar & Erarslan, 2016; Erarslan & 
Williams, 2012; Erarslan, 2013). In softer rock types such as sandstone and marble, it is shown that 
the fatigue crack originated from the surface due to the plastic deformation between the crystal cross-
slip; however, in the cyclic loading mode fatigue crack initiation in brittle rocks depends upon intra-
crystalline plasticity, interlocking properties, and grain size (Ghamgosar & Erarslan, 2016).  
This phenomenon generally is related to the cyclic force applied to the tunnel walls, excavation roof, 
bridge abutments, road foundation, and rock cutters. The terms and definitions in fatigue mechanics 
are different than classical mechanical and can be used in various concepts such as fatigue stress, 
fatigue life, fatigue strength, stress amplitude and minimum stress level (Singh & Banerjee, 1991). 
The relationship between these parameters, known as an S-N curve in fracture mechanics and fatigue 
literature, indicates the number of cyclic loadings required for sample failure based on logarithmic 
time and attained peak stress.  
Cyclic loading tests carried out by Burdine (1963), and Hardy and Chugh (1970) showed that the 
monotonic strength under the uniaxial and biaxial loadings could weaken almost 24% by applying 
cyclic loadings. Experiments have been performed on Barre granite, with the same results for Indian 
limestone and Tennessee sandstone (Bagde & Petroš, 2005), and Brisbane tuff and Cadia Valley 
monzonite showed the same reduction in strength of between 45% and 80% could be achieved 
(Ghamgosar & Erarslan, 2016; Erarslan, 2013). Moreover, the numerical analysis indicated that the 
stress corrosion which is the main reason for the fatigue behaviour appeared to be reduced by between 
30% and 80% compared to similar static tests (Ghamgosar & Erarslan, 2016).  
In Tunnel Boring Machine (TBM) and continuous cutting technologies, rock fragmentation has been 
attributed to rock fracture mechanics, which initially reported the effect of cyclic motion of cutters 
(Roxborough, 1985; Roxborough & Phillips, 1975). Later, Shivakumar (Shivakumar & Raju, 1992; 
Shivakumar et al., 1988) and Hood and Alehossein (Hood & Alehossein, 2000; Alehossein & Hood, 
1996, 1999), Erarslan (Erarslan & Williams, 2012; Erarslan, 2013), and Ghamgosar (Ghamgosar & 
Erarslan, 2016) used experimental and numerical studies to model the effect of amplitude and 
frequency on the rock fracturing process under cyclic loading tests. Ghamgosar and Erarslan (2016) 
found that the unloading path in cyclic loading is more important to reduce the cutting force by 
between 20% to 40% in monzonite and tuff. Similar experimental results have been published for the 
ODC, which uses a free-rolling cutter associated with the cyclic action. Hood and Alehossein (2000) 
also found the required force could be reduced by up to 70% using the static loading model.  
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In cyclic loading and fatigue tests, amplitude and frequency are the main factors that can be 
manipulated efficiently to reduce the cutting force. Attewell and Farmer (1973) showed that crack 
formation could be dependent on frequency, and a greater reduction in strength can be expected by 
applying low frequency with higher amplitude as compared to high frequency with low amplitude. It 
was also determined that fracture toughness is more sensitive to amplitude than frequency based on 
the variational analysis (Ghamgosar & Erarslan, 2014). 
Experiments performed by Erarslan (2013) showed that the Brisbane tuff succumbs due to fatigue 
loading with the ultimate tensile strength reduced from 10.8 MPa to 7.5 MPa. Moreover, the cyclic 
loading test on Brazilian disc specimens showed that sinusoidal cyclic loading reduced the indirect 
tensile strength by up to 30%. This indicates that the fracture toughness as a response to the cyclic 
loading was found to be reduced due to the excessive plastic displacement. In addition, the static 
fracture toughness was determined to be 46% greater than for a cyclic loading test. 
Stress corrosion is another parameter that was investigated by Costin and Holcomb (1981) who found 
that the amplitude can be decreased by increasing the mean stress level during the cyclic loading test. 
This phenomenon is a time-dependent mechanism and is sensitive to the amplitude rather than the 
frequency. They concluded that at mean high-stress, corrosion is significant; while the small amount 
of applied stress with a high cyclic amplitude caused the fatigue behaviour (Costin & Holcomb, 
1981). 
Greater amplitude can result in faster failure of the specimen; hence the damage produced is easier in 
the cyclic loading (Fatemi & Socie, 1988). By applying a larger amplitude in the cyclic loading, a 
decrease in the maximum stress is also accomplished along with the development of fatigue (Costin 
& Holcomb, 1981). The stress corrosion can increase the stress intensity factor at the crack tip as an 
action of the physical process in a cyclic loading fracture (Celestino et al., 1995). Experimental tests 
performed by Celestino showed no significant decrease in fracture toughness before the failure, while 
based on the fracture models they obtained the relationship between the crack propagation velocity 
and stress intensity magnitude under the creep behaviour.   
A crack damage threshold was determined by conducting damage-controlled cyclic loading, and then 
deformation magnitudes have been used to determine fracture characteristic in granite samples 
(Eberhardt et al., 1998a). The coalescence of fracture pointed to two possible mechanisms for damage 
cyclic loading above the damage threshold and below the damage threshold, while experimental 
results showed that interacting cracks were accompanied by a large plastic deformation at the crack 
tips and caused crack weakening and collapsing. This mechanism simply indicated that increasing 
cyclic loading to the next damage increment increases the FPZ size, and loading–unloading cycles 
increase the magnitude of damage as a function of stiffness reduction in hard rocks like monzonite 
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and tuff (Ghamgosar & Erarslan, 2015). In the other models, the cyclic load was kept below the 
damage threshold; microfracture development resulted in the initiation and propagation of new cracks 
linked to the FPZ.  
The mechanical properties of rock are also influenced by the boundary conditions and the velocity of 
the ultrasonic wave propagation, which can be used to determine the damage threshold (Ghamgosar 
et al., 2014). Experimental results for the Brazilian test showed five damage phases which is similar 
to the results of the fracture toughness test that was used in this study. As shown in Figure 2.12, in 
the first stage, microcracks closed and natural voids in the rock aligned along the direction of 
maximum tensile stress and a small increase in the P wave velocity was recorded (Ghamgosar et al., 
2014). This load-dependent stage shows a decrease in the damage amount until the tensile stress 
reached almost 1.0 MPa, as a result of densifying cavities, and a 10% to 15% increase in P wave 
velocity (Ghamgosar et al., 2014). 
 
Figure 2.12 Five phases of damage progress during the indirect tensile test 
At the second stage, elastic behaviour dominates and only existing cracks are closed and both P and 
S waves remained flattened and 5% in fluctuation of wave velocity was recorded. Microfracture 
coalescence started from the third phase with an almost 60% decrease in the velocity, and this explains 
why the corresponding tensile stress is also reduced. Unstable crack propagation formed in the fourth 
phase and ultimately samples failed at the fifth phase. The attenuation of elastic waves pointed to a 
dramatic increase in the crack density experienced in phase three and four due to the emergence of 
38 
 
excessive fractured zones. Therefore, it can be concluded that acoustic emission can provide a direct 
measurement of the deformation modulus and the damage magnitude for rock samples both with 
monotonic and cyclic loadings (Ghamgosar et al., 2014).  
The principles of plasticity also provide confirmatory evidence to describe the crack condition at the 
FPZ for the onset of the development of a fatigue crack. Evans (1984) showed that substantial stress 
develops at the FPZ exceeding the hardness of the material, and new cracks form during the 
unloading, which could be sufficient to cause an extension of the crack length. Moelle et al. (1990) 
observed severe local fatigue behaviour in the FPZ of weaker material such as cement and that 
consequently much denser microfractures formed under cyclic and fatigue loading than in the 
statically loaded specimens.  
Direct observation of tensile tests showed the fatigue cracks can develop in specimens at a ratio of 
the maximum peak fatigue stress to the UCS value of approximately between 0.6-0.8 (Cain et al., 
1975). It has been determined that the first visible cracks did not appear until the applied load reached 
90% of the ultimate failure load for Berea sandstone and Tennessee marble (Bagde & Petroš, 2005; 
Cain et al., 1975).  
 
  Damage mechanism and microcracks  
Microcracks can be considered to be discontinuities in the rock because, as the brittle damage 
develops, the rock becomes anisotropic (Figure 2.13). The random distribution of cracks in all 
directions may cause an isotropic discontinuities state but under uniaxial and biaxial loading, damage 
develops in a certain direction. Based on this logical ground and on the CT-scan and thin-section 
analysis, only the main direction of the applied loading was considered in our study to avoid the 
complexity of numerical and dimensional analysis. Based on this concept, damage can be 
characterised by using the elastic coefficients and elastic matrix that contains independent 
components (Murakami, 1988; Chaboche, 1988; Faria et al., 1998; Wu et al., 2010). The damage 
variable has a kinetic component that can be written in relation to the stress–strain state and used to 
apply the microfractures role.  
39 
 
 
Figure 2.13 CT-scan image shows the FPZ and fracturing states of the tested CCNBD 
specimen 
Due to the complexity of the damage matrix, for a quick calculation of the damage parameter, the 
image analysis technique used in this study concentrated on quantifying the FPZ damage in rock 
samples, which is adequate for many practical applications such as rock cutting. Figure 2.13 depicts 
the relationship between damage and the fracture mechanics component in a CT-scanned image for 
a CCNBD tested sample (Ghamgosar & Erarslan, 2015). 
 
  Microfractures and the damage energy concept in rock fracture mechanics 
Rock is defined as undamaged if there is no evidence of unchanged microfractures within the body 
of the rock specimen, otherwise any change in microfractures (such as microcracks, microcavities 
and microslides) cause inelastic damage deformation. The concept of effective stress was initially 
introduced by Kackanov (Kachanov & Montagut, 1986; Kachanov, 1992, 1993) as a starting point 
for new types of approaches to evaluate the material stiffness loss of materials due to distributed 
microfractures.    
Damage in rocks is described as a state of material strength that changed due to irreversible micro-
fracture growth. A suitable framework of the Thermodynamics Irreversible Process (TIP) must be 
defined for modelling the damage state in a material. Considering the fact that rocks are anisotropic 
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materials; therefore, the TIP must model efficiently and allow investigations of the anisotropic 
damage in rock material. The basic thermodynamic state variables are the strain tensor {∈}, the 
absolute temperature 𝑇, the current damage state {Ω} and finally, the current continuity state {𝜓}. 
Thus, the brittle damage model could be represented based on thermodynamics state variables as: 
𝑊 = 𝑊({∈}, 𝑇, {Ω} ) (2.23) 
A Cauchy stress tensor is defined as:  
{𝜎} =
𝜕𝑊
𝜕{∈}
 (2.24) 
The equation for entropy is: 
𝑆 = −
𝜕𝑊
𝜕𝑇
 (2.25) 
and damage strain rate energy is given as: 
{𝑌} =
𝜕𝑊
𝜕{Ω}
 
(2.26) 
Hooke’s law governing the mechanical response of the material, the three dimensions’ effective stress 
takes the form: 
{?̇?} = [𝐷]{𝜀̇} (2.27) 
where {?̇?} and {𝜀̇} are introduced as the effective stress tensor and the effective strain tensor that 
should satisfy the general basic elastic constitutive relationship between stress and strain. By 
considering one-dimensional effective stress, the constitutive law can be written in the following 
form: 
𝜎 = (1 − 𝜔)𝐸 ∈ (2.28) 
The damage variable, 𝜔 being related to the micro-fracture growth varies from 0 for undamaged 
material to a critical value often taken as 1 for ultimate failure (Figure 2.14). 
The elastic response of the damaged brittle material is shown as a function of the limit state by 
introducing the classical Kuhn-Tucker condition (Simo et al., 1993): 
𝑓(∈, 𝑘) =∈ −𝑘 (2.29) 
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Figure 2.14 Load-displacement plot of a brittle material under loading and unloading 
By considering this condition that, 
𝑓 ≤ 0;   ?̇? ̇≥ 0;  ?̇?𝑓 = 0 (2.30) 
It can be concluded that ∈ can never be greater than 𝑘 and the statement ?̇?𝑓 = 0 yields that 𝑘 is 
increasing with time. According to the classic form of Hooke’s law, the uniaxial damage theory 
results simple damage state of brittle material as: 
𝐷 = 1 −
𝐸𝑈𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔 
𝐸𝐿𝑜𝑎𝑑𝑖𝑛𝑔
 
(2.31) 
Global behaviour can be characterised based on the concept of energy being absorbed by the rock 
during the loading and unloading stages. It should be noted that for cyclic loading, the plastic zone is 
smaller than for monotonic loading; therefore, to assess the dimensions of the plastic zone, more 
detailed experiments are required (Ghamgosar et al., 2015). Given the centrality of the effective 
damages related to loading and unloading, it must be said that the unloading path is especially 
important, and therefore, it was investigated under the cyclic loading in this study (Ghamgosar et al., 
2015). Stress–strain hysteresis is used to determine plastic damage and deformation in response to 
the cyclic loading. Numerous mathematical and experimental models have been developed to date, 
with the aim to determine the plastic zone near the crack tips. Rice and Sorensen (1978) developed a 
closed form solution, and later other researchers performed experiments and tested numerical models 
to investigate the cyclic plastic response of materials under loading (Hertzberg, 1996; 
Giannakopoulos et al., 1995; Suresh, 1998). 
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2.7 Rock Cutting and Fragmentation Applications  
The new generation of rock cutting technology widely used fracture mechanics concepts to review 
and optimise rock fragmentation process. Among the various types of rock cutting machines, drag 
bits are the most efficient and versatile cutter technology used for medium-strength rocks and 
continuous miners. The basic operation in drag bits is ploughing cutter tools into the rock free surface 
and then rock chips and fragments are formed in front of the bits. The assembled rock tools are 
mounted on the hemispherical, conical and cylindrical shapes of cutting machines. A large number 
of numerical and experimental studies have been conducted on cutter performance to understand the 
principal mechanisms involved in the fracturing and fragmentation processes in order to inform 
design practices. In relation to the proposed cutting models, valuable reviews are available in the 
literature that investigate fracture patterns for both elastic-brittle and plastic models (Sikarskie & 
Cheatham Jr, 1973; Maurer & Rinehart, 1960). The development of tensile cracks in the high 
compressive pressure zone have been studied in recent decades (Fairhurst & Lacabanne, 1956: Paul 
& Gangal, 1969; Maurer & Rinehart, 1960; Hood & Alehossein, 2000).  
Fracture mechanics models were applied in rock cutting modelling and studied the median crack as 
the lateral crack initiation based on the Boussinesq solution of concentrated stress (Lawn et al., 1980; 
Lawn et al., 1975). However, some proposed models focused on the plastic zone of deformed rock 
body at the singularity point of tensile stress contact, but current rock cutting models are developed 
empirically based on the material parameters such as hardness index, UCS, BTS, Poisson ratio and 
Young’s modulus. These empirical models can predict the fracture energy and depth of cracks and 
more often the geometry of forming cracks. Some numerical models considered the tool shapes and 
material properties in their studies (Guo et al., 1992; Evans & Wilshaw, 1976). Evans (1984) also 
proposed a mathematical model based on observations of the breakage patterns in tested coal samples. 
The model postulated that the tensile fracture takes place along the horizontal tangent force 𝐹𝑐, can  
be related to the tensile stress 𝜎𝑇 and cutting width 𝑤, cutting depths 𝑑 and the rake angle 𝛼 of the 
drag pick a as follows: 
𝐹𝑐 =
2𝜎𝑇 𝑑 𝑤 𝑠𝑖𝑛
1
2⁄ (
𝜋
2 − 𝛼)
(1 −  𝑠𝑖𝑛
1
2⁄ (
𝜋
2 − 𝛼))
 
(2.32) 
Table 2.5 summarised some of the cutting mechanism for hard and soft rock applications. 
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Table 2.5 Traditional rock cutting tools and their mechanisms and applications 
Type of rock cutter Mechanical performance Technical applications 
Drag picks 
Conical tips 
 
 
Road headers 
Shallow excavators 
Long-wall shearers 
Continuous excavators 
Dragline excavators 
Rock pickers 
Manual cutter crushers 
Chisel tips 
 
   
Roller cutters 
Button roller 
tips 
   
Raise borers 
Blast drillers 
Tunnel borings machines 
Hard rock cutters 
Toothed roller 
bits 
   
   
Tunnel boring machines 
Oil reservoirs drillers 
Waste disposal cutters 
Disc cutter 
blades 
 
   
Raise borers 
Tunnel boring machines 
Hard rock cutters 
Small scale cutters 
 
Although, the indentation and edge cutter theories state that fracturing problems are related to single 
disc applications, the real interaction of the cutter and subsurface cracks are not covered with these 
models. For example, the mechanism involved in the chip forming between the adjacent discs and 
rock surface has not been extensively investigated under cyclic loading, which has been recently 
promoted in oscillating disc cutter (ODC) technology. Because of these concerns, X-ray and statistical 
models can provide valuable data, principally in regard to the lack of experimental knowledge of 
microfractures spreading due to this type of rock cutting action. Therefore, this study puts forward 
the claim that CT-scans and image processing are valuable tools that can be used to obtain data about 
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rock fracturing and the design of cutters. The experimental and numerical analysis in this research 
was performed based on observed fracture patterns under X-ray. 
The design of the continuous cutter, recently developed in Australia, shows how the required forces 
can be reduced by applying an oscillating action in an under-cut fracturing mechanism. The principal 
mechanism in the ODC is the undercutting and cyclic loading since the failure mode requires less 
magnitude of tensile stress than the current static loadings, thus the ODC requires less effort to break 
hard rocks. However, the concepts of the ODC as a new technology were initially put forward by 
David Sugden in 1971 who proposed applying a different action to the rotating cutter (Figure 2.15). 
 
Figure 2.15 Schematic and prototype design of the ODC (a and b) (Karekal, 2003); and 
numerical modelling and tensile stress analysis of the ODC: (c) crushing, (d) crushing-
chipping,  and (e) major chipping 
The prototype models used a small amplitude (1.5–2.5 mm) with a range of moderate pressure 
associated with a water jet and equipped with a continuous flush out system to carry the crushed rock 
around the cutter span. A schematic representation of the ODC and tensile stress distribution at the 
contact point is shown in Figure 2.15 (Karekal, 2003). 
The oscillating frequency of the ODC has a significant influence on cutting force reduction, and 
unlike the drag cutting, the cutting force increases by increasing the tool velocity. The cutting force 
was found in a nonlinear trend related to the uniaxial compressive strength of tested rocks. Therefore, 
the concept of the influence of cyclic loading effects was investigated in this study, and ultimately a 
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new cyclic action was designed and the crushing process for various rock types was evaluated. The 
crack initiation and propagation path can be determined by using the tensile force and rigorous 
fracture criteria. Therefore, the chip formation by the ODC is determined by a fracture toughness test 
in order to describe the mechanical properties of the rock in the fracture processing zone. According 
to the cutting action, there are two main methods that can be governed by the fracture mechanics 
concepts: normal splitting action and parallel cutting action (Hood & Alehossein, 2000). In the normal 
splitting operation, a thrust force incorporates the tool movement perpendicular to the free surface at 
the contact point of the ODC and the rock edges. A crushed zone, which can be identical to the FPZ, 
is developed immediately beneath the cutter contact point in the rock, which contains the first cracks 
at the boundary (contact line between the ODC and the rock) and subsequently secondary cracks in 
the rock (the FPZ). This model can be used to explain the major chip formation due to the propagation 
of secondary cracks in the FPZ. Moreover, this action can be modelled at a laboratory scale, and the 
CCNBD test can precisely simulate this action under cyclic loading adapted to the FPZ. In the ODC, 
the cutter moves essentially parallel to the rock free surface, applies compressive force to thrust 
components, and takes advantage of tensile fracturing. This action could be used for the most of the 
rotary cutters such as drag bits and often used for full-face tunnel boring (TBM) or large-scale rock 
cutting. In this model, rock chips are formed by the undercut action, and propagated below the cutting 
plane. In hard rock, factors such as machine related performance (tool abrasivity and fatigue life, 
thermal effects and performance) and discontinuity characteristics of chips (joints and crushing type 
of chips) can be identified individually in the main stages: crushing, crushing-chipping and major 
chip formation (Figure 2.15).  
Based on the preceding discussions, it is concluded that the fracture mechanics experiments 
associated with X-ray tomography precisely model the different phases of progressive damage, which 
is why this methodology was used in this study.  
 
2.8 Fracture Analyses and Testing Methods 
A key to better understanding the FPZ properties, is the detailed measurements of fracture initiation 
and propagation through the rock matrix. Such experiments allow the indirect response of rock 
softening at the local load-displacement opening and can be determined by using crack mouth 
opening displacement (CMOD) devices in laboratory studies (Ashby et al., 1986). The accuracy of 
measuring displacement and determining the void volume of the FPZ are limited within laboratory 
experiments. Therefore, the CT scan technique and image processing technique were used in this 
research to obtain an accurate and detailed evaluation of fracture propagation in the FPZ under 
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different loading types (Ghamgosar & Erarslan, 2014). Previous experiment results showed that the 
size of the FPZ extension in monotonic loading is smaller than the FPZ size obtained under the cyclic 
loading, so it can be seen that the size of the FPZ is a function of the applied loading condition. Few 
attempts have been found in the literature to investigate the FPZ in rocks based on cyclic loading 
(Ghamgosar & Erarslan, 2015). 
Some experimental methods have been proposed to determine the mode I and II fracture toughness 
of rock materials (Ouchterlony & Zongqi, 1983; Fowell, 1995; Chong & Kuruppu, 1984). Fowell et 
al. (2006) incorporated the CCNBD samples to measure fracture toughness and applied diametrical 
compressive loading to obtain accurate results of fracture toughness from the Chevron tip bluntness. 
In addition, in this study CCNBD specimens were used for both static and cyclic loading.  For the 
preparation of these samples, the CCNBD specimens had an alignment Chevron tip along the 
embedded pre-cracked, processed radially outward and reached to the end side of the disc sample 
(Figure 2.16). There are some dimensionless parameters related to geometry that should be converted 
into the outlined parameter corresponding to the sample diameter and thickness. Figure 2.16 
illustrates the dimensionless and major cross section of CCNBD sample.  
 
Figure 2.16 CCNBD specimens and related parameters according to the ISRM suggested 
methods 
The chevron notch can be easily machined in the centre of a Brazilian disc, such that the radially 
extended as 𝑎1 and resulting crack length of 𝑎0. The CCNBD test has significant applications in the 
determination of tensile failure, fracture Mode I, since it can be prepared for the core-based 
specimens, and retains the consistency of the laboratory results. In comparison to other fracture 
toughness test, only a small sample is required and the process is simple. In addition, Mode II and 
mixed Mode I-II can be determined by tilting the crack directions against the direction of axial 
loading. Other sample geometries have been suggested and examined to determine the fracture 
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toughness under the static loading such as Chevron notched Short Rod (CNSR) (Barker, 1977), 
chevron edge notched round bar in bending (Ouchterlony & Zongqi, 1983), Central Straight through 
Crack Brazilian Disk (CSCBD) (Awaji & Sato, 1978), and the Modified Ring Test (MRT) (Thiercelin 
& Roegiers, 1986). Due to the simplicity of the sample preparation and required small range of failure 
force, the CCNBD test was selected to use in this study. 
 
Chapter Summary 
Deformation in brittle rock materials is a complex problem, and often requires advanced techniques 
for the prediction of fracture initiation, stable/unstable fracture propagation and geometry. The 
existing theories and models proposed for deformation and failure of brittle materials under indirect 
tensile monotonic loading can be attributed to the development of stress-induced microfractures under 
indirect tensile cyclic loading. The practical application of these theories (i.e. Griffith’s crack theory, 
stress corrosion, etc.) primarily involves the determination of stress thresholds at which a crack will 
initiate and propagate. Cracks are stress concentrators in loaded rocks and are the main source of 
further fracture and damage by propagation and coalescence with other cracks. Thus, concentrating 
on the area at the tip of a crack has allowed for the correlation of the microfracturing process with the 
progressive failure of a rock material under cyclic loading. Tensile stress-related microfracturing can 
be equated with irreversible damage and applied in a model that quantifies the tensile strength 
degradation and fracture toughness of a brittle rock material. Among the ISRM suggested methods, 
CCNBD specimens were identified to be used in this study because CNBD samples are suitable for 
studying hard rock as a small amount of force is required to break the samples, and they can be used 
to determine fracturing modes Mode I, II and mixed modes. It is a known fact that cyclic loading 
often causes brittle materials such as ceramics and rocks to fail at a stress level lower than their 
determined strength under monotonic conditions. This phenomenon is commonly referred to as 
‘fatigue’. Faults, joints, bedding planes, tunnel walls, excavation roofs and ribs, bridge abutments, 
and dam and road foundations are only a few of the natural and manmade rock structures that can be 
weakened by repetitive loading. Rock fatigue research has also extended into the rock cutting area. 
After all, the study of brittle fracture and its relationship to material damage, fatigue and strength is 
central in many rock engineering disciplines including rock fracture and damage mechanics, rock 
cutting, drilling and blasting. It is believed that research into rock cracking and fracture and fatigue 
behaviour under various loading conditions such as static, cyclic and impact loading, will lead to 
improvements in many engineering disciplines and especially hard rock cutting and tunnelling 
technologies. 
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3 TESTING MATERIALS AND EQUIPMENT   
In this study, four different rock types, monzonite, tuff, sandstone and marble were used in the 
mechanical tests. However, most of the experiments were conducted on monzonite specimens 
because it is a host rock of the ODC cutting trials done by Newcrest Mining Limited who also funded 
this research.  The mechanical testing equipment used and various loading tests, and image processing 
tools are also detailed in this chapter. 
 
3.1 Tested Rocks and Petrographic Descriptions  
Monzonite specimens were cut and cored by JOY Global innovation office and workshop in 
Wollongong, NSW, Australia from the massive rock blocks selected from six different monzonite 
sources (transferred from Cadia Valley Operations (CVO) by Newcrest Mining Limited in Orange, 
NSW, Australia). However, limited tests were also done on marble, tuff, and sandstone samples to 
examine the general trend of strength reduction in both soft and hard rock types due to cyclic loading.  
 
Monzonite  
Monzonite is an intrusive igneous rock composed of plagioclase and alkali feldspar that contains less 
than 5% quartz. The source mineralisation of this rock extends approximately six kilometres in a 
north-west trend at Cadia Hill, and the gold-copper mineralisation is hosted within this formation 
(Harris et al., 2014). The intrusive complex of monzonite was formed in Upper Ordovician basaltic 
veins and made up the principal hosted orebody in the Cadia mine (Harris et al., 2014). It was planned 
that the open pit operation be mined in four stages approximately 650 metres below the surface using 
a conventional hydraulic excavator. However, the possibility of employing a new continuous 
excavator was proposed to achieve high capacity material production, which formed the initial 
motivation for this study.  
 
Tuff 
Tuff specimens were obtained from the Brisbane CLEM7 tunnel projects. Two types of tuff were 
found in the CLEM7 tunnel host rocks: welded tuff and stratified non-welded tuff or altered tuff. 
Brisbane welded tuff is a fine-grained, massive rock of rhyolitic composition with coarser grains 
imparting a porphyritic texture. Quartz and feldspar phenocrysts 1–3 mm in size are embedded in a 
matrix consisting of polycrystalline silica. Small vesicles are often present. The welded tuff is light 
to dark grey when fresh, but can be pink, purple, white, green or orange in colour with some brown 
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iron-staining in the weathered state. In contrast, stratified non-welded tuff is probably associated with 
faulting. Stratified non-welded tuffs are generally light grey to cream in colour with a sandy texture. 
 
Sandstone 
Sandstone specimens were collected from Queensland (local suppliers in Toowoomba) and most of 
the known types and colours (brown, red, yellow, white, and grey) were tested in this research. The 
mono-mineral crystals and the homogeneity of the sandstone enabled an investigation of fracture 
propagation through the unified grained distributed texture. The tested sandstone specimens had a 
typical grain size ranging from 0.62 mm to 2 mm, and contained calcite, clay and silica minerals. 
Sandstone and marble were classified as soft rocks in this study based on the comparison of the UCS 
values of those rocks and of the monzonite and tuff specimens. 
 
Marble 
Marble specimens were specially chosen in this research to investigate the effect of large grains and 
the interlocking properties of those large grains on fracture propagation. Petrographic analyses 
showed different grain orientations leading to crack bridging and excessive stress concentration 
around bonded grains in the FPZ. There are visible marble grains, calcite minerals associated with 
mica minerals and a calcite matrix. This metamorphic rock contains interlocked light coloured 
particles of which a majority are a shade of white. Marble specimens were also collected from the 
local suppliers in Toowoomba Queensland. 
Table 3.1 presents tested rocks, their grain sizes, and their mechanical strength characteristics. 
(Ghamgosar, Erarslan, & Williams, 2016).  
Table 3.1 Mechanical strength characteristics of tested specimens 
Rock Type 
Average 
grain size 
(mm) 
Colour 
UCS 
(average)  
Average 
BTS 
UCS/BTS 
(average) 
Monzonite 0.5–2.5 Reddish 168 12.38 25.8 
Tuff 0.1–1.5 Grey, Green 151 12.05 13.1 
Sandstone 0.1–1.0 Yellowish 56 6.42 8.8 
Marble 1.0–3.0 White 58 8.57 7.11 
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3.2 Sample Preparation  
Sample preparation is an important step in experimental research that helps to achieve reliable and 
consistent outcomes. For this reason, testing specimens with required geometries were selected to 
confirm to the ISRM suggested methods (please refer to attached Paper I, II and IV for the details). 
In this research, appropriate standard experiments such as uniaxial compression, indirect tension and 
fracture toughness tests (in mode I) were performed under both static and cyclic loading. Thin-section 
specimens were carefully prepared to determine grain size and for petrographic analyses of tested 
rocks. Special attention was paid to the specimen preparation of the chevron crack tips for the tested 
CCNBD specimens for various image processing analyses (refer to attached Paper I, II and IV for the 
details). 
 
3.3 Mechanical Tests 
All the mechanical tests were conducted under both static and cyclic loading. Each test was done with 
five replications to meet the standard requirements; and to calculate the maximum, minimum, and 
standard deviations. The UCS test was also used to determine the additional strength parameters such 
as Poisson ratio and Young’s modulus. These results were used for calibration of numerical models 
and the dimensional analysis.  
 
  Static loading tests  
Static loading tests included a number of tests: UCS tests, Brazilian Indirect Tensile Strength (BTS) 
tests and fracture toughness tests. An Instron compressive loading machine with the capacity of a 250 
kN load cell was used to achieve all those tests. For determination of the USC, Young’s modulus and 
Poisson’s ratio, sample preparation involved coring and trimming to form cylindrical test specimens 
conforming to ISRM recommendations (that is, cylindrical specimens 52 mm in diameter by 134 mm 
high to give a height to diameter ratio of 2.5 to 3.0, a ratio of specimen diameter to that of the largest 
rock grain > 10:1 and ends of the specimen that are flat to within 0.02 mm). Both the bottom and top 
ends of the USC samples were ground to supply the ISRM requirements to eliminate end effects on 
the test. The indirect tensile test specimens were prepared as standard Brazilian discs with a diameter 
of 52 mm and a thickness of 26 mm (a diameter: thickness ratio of 0.5). In this study, fracture 
toughness tests were done using CCNBD specimens. More details about specimen geometry and 
loading set ups can be found in the attached papers. For the static tests, Instron BlueHill3 software 
was used to tune during the testing process and control the loading and the displacement rate 
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according to the ISRM requirements. The BlueHill3 software features an easy interface that provides 
a way to define testing methods, manage data tracking management and manage tests with tabbed 
manual control panels. The output data are recorded in (.csv) format files which are securely stored 
on a computer.  
  Cyclic loading tests  
All specimen geometries used in the cyclic loading tests were the same as those used in the static 
loading tests for consistency. An Instron 8800 series machine was used in all cyclic tests; it is 
equipped with a fast tracking system enabled to use for conducting precise testing methods for 
material science.  
 
 
 
Figure 3.1 Settings used in loading machine for cyclic loading utilised by WaveMatrix™ 
software include three main phases: starting ramp of loading (top), cyclic loading (middle), 
restoration ramp of load (down) 
The fast tracking console provides visual communication between the loading control functions and 
user control options. Moreover, the fast tracking system provides multiple controlling interfaces with 
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multiple graphic control panels available in a single data window (contains time and desired 
parameters) or in a multiple data screen (mixed mode of data control, i.e. load versus time, 
displacement), which is integrated to display summaries of the testing results during the testing 
process. The WaveMatrix™ dynamic testing software was used to perform a wide range of the cyclic 
tests (it is also the preferred software for conducting dynamic, fatigue and quasi-static tests).  
In this study, two different cyclic loading tests were designed and performed on the CCNBD 
specimens: fixed mean force level Stepped Cyclic Loading (SCL) tests, and Continuous Cyclic 
Loading (CCL) tests (Figure 3.1). Please find details of the loading amplitudes and frequency values 
used in this study in Attached Paper VI.   
The SCL and CCL loading tests were defined as a combination of three loading levels in 
WaveMatrix™, which is introduced for the first time to the literature. The loading test should start 
with an initial ramp step from the original position to the desired amplitude of the cyclic loading and 
continue with a sinusoidal cyclic loading, and afterwards, a trapezoidal step returns the current cyclic 
load to the original position (SCL), or to the particular level of compressive load (CCL) (Figure 3.1). 
 
3.4 Image Analysis Techniques 
In this study, image analysis techniques refer to fracture image analysis techniques used to monitor 
the fracturing characteristics in tested specimens under both static and cyclic loading.  
 
 X-ray tomography and fracture scanning technique 
In this study, a 3D X-ray microfocus CT-scanning technique was used to investigate the relationship 
between the physio-mechanical properties (fracture toughness, strain energy and grain size) of a 
damaged zone (FPZ) and the crack density (number of cracks per 𝑚𝑚3) in tested specimens, as shown 
in Figure 3.2. Four tested specimens from each static and cyclic test were selected to test using the 
X-ray tomography device. All mechanical and physical experiments were performed at the University 
of Queensland, while Julius Kruttschnitt Mineral Research Centre (JKMRC) facilities were used for 
X-ray scanning tests. The X-ray detector at JKMRC is a high-resolution digital X-ray camera detector 
system. This detector accumulates all the energy of the transmitted photons and provides the 
numerical data to be used in reconstructing an image. For each head, 1500 views of the sub-sample 
were taken over 360° rotations. Figure 3.2 represents the experimental set up for rock samples after 
a fracture toughness test. 
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Figure 3.2 SkyScan 1172 X-ray tomography and a CCNBD monzonite tested specimen 
To enhance the visibility and sharpness of the scanned images for image data processing, usually 
image management software is integrated with the X-ray apparatus or, as is the case in this study, 
separate external software (ScanIP and ImageJ in this study) is used for this purpose.   
  Image processing tools 
ImageJ software was used to examine the FPZ trajectory. It can measure distances and angles and it 
can create density histograms and line profile plots. It supports standard image processing functions 
such as logical and arithmetical operations between images, contrast manipulation, convolution, 
Fourier analysis, sharpening, smoothing, edge detection, and median filtering. Furthermore, it does 
geometric transformations such as scaling, rotation, and flips. Scanned images were prepared before 
the final post image processing steps by applying an appropriate pixel threshold filter (image 
segmentation based on the pixel information by converting to a binary image). Basic image 
processing software such as ImageJ offers a limited set of data management capabilities. However, a 
new generation of image processing software such as ScanIP, Mimics 3D, Avizo, iso2mesh, and 
OOF3D utilise an extensive set of segmentation tools (e.g. threshold voxel, user defined filtering, 
level set methods, cavity filling, closing unnecessary voids, and smoothing model by applying noise 
reduction tools) and quantifying functions. The Mask statistics technique in Simpleware (based on 
voxel information) was employed to count the greyscale pixels of the FPZ for the tested specimens 
(please find details in attached Paper II, III). Voxel analysis and Mask statistics techniques of 
Simpleware were utilised to quantify the microfractures volume/area of the tested samples for the 
static, SCL and CCL loading tests. This new technique enabled a study of the effect of different 
loading tests on the FPZ via a detailed analysis of microfracture volume and pixel counting for the 
tested specimens. As shown in Figure 3.3, ScanIP can split raw data images into regions and use high 
resolution pictures to examine the details and then voxel analysis can be used to focus on a specific 
region or for particular grain sizes of the tested specimens. 
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In addition to the CT scan and image processing tool images, also used in this research is a voxel 
analysis of segment elements in the FPZ by applying rock and fracture masks technique (please find 
the details in Attached Paper III).  
 
Figure 3.3 Post processing software with different processing tools for image analysis and 
statistical analysis (top) and imported Brazilian segmented and meshed model (filled up 
cracks within and outside weathered zone) (down) 
Chapter Summary 
This chapter has provided an overview of the fundamental static and cyclic loading tests, preparation 
procedures for the specimens and some special cyclic loading testing techniques. X-ray tomography 
and image analysis tools were also explained and in particular how they were used in the 
microfracture analysis of the FPZ. Furthermore, introduced and discussed for the first time in 
literature was the SCL loading text in conjunction with the WaveMatrix™ interface program of the 
Instron loading machine. 
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4 RESULTS OF STATIC AND CYCLIC LOADING TESTS AND 
NUMERICAL ANALYSES 
4.1 Introduction 
Determining the material strength is the principal step in material science and rock engineering 
applications. For practical purposes, often engineers are required to measure the maximum stress that 
a material can sustain under applied loads as well as the principle stresses in underground conditions. 
In rock mechanics, however, special attention has been paid to the three important strength parameters 
that need to be determined: compressive, shear and tensile strength. Among those three fundamental 
parameters, tensile strength is closely related to the existing cavities, microfractures, and 
microstructures in the rock. Also, the diameter of the grain size and interlocking properties of the 
grains can locally increase the stress concentrations in rocks, and thus, different behaviour can be 
expected because of the phenomenon of the breaking the inter-atomic bonds (Bazant, 1984; 
Ghamgosar et al., 2015). Under static failure, a fracture starts at a specific location(s), but prevailing 
hypotheses and theoretical models cannot predict the location(s). However, a tensile failure caused 
by the rock weakening under cyclic loading results in localised plastic damage and microfractures in 
a tested specimen. For example, the appearance of severe micro-scale fractures form a typical ductile 
and plastic region called the FPZ in a rock specimen, which under cyclic loading can become bigger 
compared to that under static loading (Ghamgosar & Erarslan, 2016). Thus, numerical analysis 
associated with image processing techniques are found an easier and reliable method to investigate a 
complicated mechanism such as cyclic loading or fatigue behaviours.  
 
4.2 Uniaxial Compressive Strength Test 
As briefly discussed in Chapter 3, the uniaxial compressive strength of a rock is one of the 
fundamental parameters in rock mechanics that is used for a broad range of design and modelling 
applications in rock mechanics.  
As described in Chapter 3, UCS tests were conducted using an electronic servo controlled stiff testing 
Instron machine with the capacity of a 250 kN load cell (Figure 4.1). Specimens were wired with two 
lateral and two axial CEA-06-500UW-350 model Micro Measurements Division (USA) strain gauges 
per specimen, for measuring both axial (longitudinal) and circumferential strain to determine Young’s 
modulus and Poisson’s ratio (Figure 4.1b). 
56 
 
 
Figure 4.1 Some prepared specimens (a) USC BTS and CCNBD samples, and (b) a UCS 
specimen with strain gauges  
For sandstone and marble, a load cell of 100 kN was used and the specimens were mounted on the 
same loading machine to obtain accurate data for the weaker samples. 
 
 UCS test results 
The load (~0.2 kN/s as suggested by ISRM) was applied until failure occured at between 5–10 
minutes and ultimately, the unconfined axial compressive strength of the specimens was calculated. 
The determined UCS values of tested specimens by rock type are shown in Table 4.1.  
Table 4.1 Summary of UCS test results, strength, loading rate, and failure time 
 Monzonite Tuff Sandstone Marbles 
UCS (MPa) 168 151 56 78 
Loading Rate (kN/s) 0.5 0.5 0.1 0.1 
Young’s Modulus (MPa) 25.2 22.8 9.42 12.3 
Poisson Ratio 0.31 0.34 0.41 0.38 
Time (min) 5.60 5.03 9.33 9.67 
 
Static loading data were recorded using BlueHill3 software, and the elastic modulus, and Poisson 
ratio were determined.  
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4.3 Indirect Brazilian Tensile Test  
A series of Brazilian disc tests was carried out on specimens of Brisbane tuff, sandstone, monzonite 
and marble. The load was applied via a stiff hydraulic Instron loading frame, with a loading rate as 
suggested by ISRM (1978) of 200 N/s (Figure 4.2).  
 
Figure 4.2 Brazilian test apparatus setup according to the ISRM suggested methods 
The tensile strength of the rock specimens tested using the standard Brazilian jaws were calculated 
using the general formula given by ISRM (1978) and BTS values of the tested rocks are given in 
Table 4.2. 
Table 4.2 Summary of BTS test results: BTS values, loading rate and failure time by rock 
type 
 Monzonite Tuff Sandstone Marble 
BTS (MPa) 12 12 6 9 
Loading Rate (N/s) 200 200 150 150 
Time (min) 45 36 28 30 
 
According to the comparison between the failure modes of tested rock types, it was revealed that 
failures were found with very small plastic deformation before the ultimate failure of the monzonite 
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and tuff specimens. Direct observation showed that there was always a macro-scale crack along the 
loading plane in the sandstone and marble specimens before failure occurred. 
 
4.4 Fracture Propagation Patterns with Static Brazilian Test 
Detailed observations of the failure surfaces of the tested specimens revealed that the mechanism of 
microfracture propagation has a tip-to-tip coalescence in brittle failure and plays a significant role in 
the central tensile crack propagation (Figure 4.3). However, the crack paths were tilted and cracks 
grew along the deflected directions with fish-fin patterns observed at the main crack contact points 
for marble and sandstone samples. Interactions of cracks also have localised stress concentrations 
around the grains as captured via X-ray tomography images (Ghamgosar et al., 2016) (See Figure 
4.3).  
 
Figure 4.3 Fracture patterns in specimens tested with indirect tensile Brazilian test; (a) 
multiple  fractures with concave patterns in marble specimen and (b) tip-to-tip brittle 
fracture with monzonite specimen 
 
4.5 Results of Indirect Tensile Cyclic Loading Tests 
All cyclic tests were conducted using the WaveMatrix™ modular program and an Instron 8800 series 
loading machine. A closed loop of loading and displacement was achieved during the cyclic test, 
accomplished by measuring the ultrasonic wave propagation velocities.  
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Experimental results revealed that Brazilian and CCNBD samples failed under considerably lower 
forces than the static failure loads. Cyclic loading test results are given in Table 4.4. According to the 
results obtained from the Brazilian test, cyclic loading creates excessive microfractures in the FPZ 
and a decrease of 30–40% of the ultimate strength of rocks was found to occur under cyclic loading 
compared to that under the static tests. 
Table 4.3 Results of indirect tensile tests of monzonite, tuff, sandstone and marble rock 
specimens under cyclic loading 
Test type Ultimate failure load (kN) Indirect  tensile strength (MPa) 
 Replication 
Tuff Monzonite Sandstone Marble Tuff Monzonite Sandstone Marble 
1 10.64 17.60 8.20 6.98 5.66 9.36 4.36 3.71 
2 15.27 15.72 9.16 7.99 8.12 8.36 4.87 4.25 
3 15.72 16.08 7.11 4.24 8.36 8.55 3.78 2.26 
4 14.93 10.10 9.06 6.52 7.94 5.37 4.82 3.47 
5 13.21 13.99 8.20 5.78 7.02 7.44 4.36 3.07 
Standard 
deviation 
2.08 2.87 0.83 1.40 1.11 1.53 0.44 0.75 
Average  13.95 14.70 8.35 6.30 6.37 7.82 4.44 3.35 
 
The fatigue damage mechanisms of rocks were obtained differently for fine-grained (tuff) and coarse-
grained rocks (marble). Thin-section studies of testing samples showed that fine-grained material, 
such as tuff, experienced axial tensile failure along the load direction, while for those with interlocked 
grains like the marble specimens, fluctuation and twisting cracks at the grain contacts was observed.  
Under cyclic failure, the sandstone and marble collapsed over a larger strain range compared to the 
monzonite and tuff samples. Post peak behaviour of the sandstone and marble specimens implies that 
the dilation occurred after peak strength. However, this behaviour was not observed in the monzonite 
and tuff specimens. Therefore, post-failure behaviour under the cyclic loading is related to the sample 
bearing capacity in conjunction with shear-bonded forces within the rock (please find the details in 
Paper IV). 
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4.6 Effect of Amplitude, Frequency of Cyclic Loading and Rock Grain Size on 
Rock Strength 
As discussed previously, cyclic loading causes an accumulation of plastic deformation just before the 
final failure of the specimens. This type of failure mechanism is believed to occur because of the 
energy stored in the rock specimen during the loading process and this energy is revealed during the 
unloading. It was also found that there are specific microfracture development behaviours for static 
and cyclic loading. 
Cyclic tests in the study were conducted with 1, 3, 5, and 10 Hz frequencies using WaveMatrix™ 
software. Four different amplitudes were chosen in this study to investigate the effect of fatigue on 
the indirect tensile strength of all rock types: 10%, 30%, 50% and 80% of UTS (static ultimate tensile 
load) were considered for both types of cyclic loading tests. An observation was made with regard to 
monzonite and tuff specimens, assumed to be brittle rocks, that the failure load was found to be 
dependent on the amplitude. However, this was not observed for the sandstone specimens, assumed 
to be ductile, while hysteresis energy was considerable decreased. An apparent effect of amplitude 
on the stress–strain behaviour of brittle rock was determined and unloading is believed to play a key 
role in the cyclic softening behaviour (please refer to attached papers III and VI for more information).  
Figure 4.5 indicates that the tensile strength was decreased by 12% when using a frequency of 10 Hz 
and almost the same displacement was obtained under lower loads using a higher frequency, i.e. 10 
Hz compared with 1 Hz loading with the cyclic loading tests, increasing the frequency from 1 HZ to 
10 HZ resulted in a decrease in the strain energy due to the fatigue behaviour. The difference in failure 
load for other frequencies was not significant. 
 
Figure 4.4 Load-displacement curves of cyclic loading tests with 1 Hz (left) and 10 Hz (right) 
Table 4.5 provides a summary of failure loads for different frequencies under cyclic loading tests by 
rock type. 
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Table 4.4 Comparison of test results between various frequencies used with cyclic loading 
tests 
Material behaviour Rock type 
Frequency (Hz) 
1.00 3.00 5.00 10.00 
Failure load (kN) 
Brittle 
Monzonite 17.10 16.23 16.01 15.87 
Tuff 15.22 15.16 15.14 13.45 
Ductile 
Marble 5.23 5.12 4.65 4.19 
Sandstone 8.95 8.45 7.23 7.14 
 
An examination of the effect of amplitudes showed that by increasing the amplitude from 10% of the 
UTS to 80% of the UTS, the tensile strength of all rock types was decreased. The maximum reduction 
in tensile strength of about 40% was obtained for the marble specimens, and the least reduction in 
tensile strength was obtained for tuff at 17% of the UTS. Table 4.6 shows the failure loads with 
various amplitude values used in the cyclic loading tests.  
Table 4.5 Comparison of test results between various amplitudes used with the cyclic loading 
tests by rock type 
Material behaviour Rock type 
% Amplitude 
10 30 50 80 
Failure load (kN) 
Brittle 
Monzonite 17.12 16.23 14.34 13.23 
Tuff 15.09 14.98 13.34 12.45 
Ductile 
Marble 5.18 5.05 4.19 3.75 
Sandstone 8.76 8.11 6.98 5.16 
 
A comparison of the results provided in Tables 4.5 and 4.6 implies that amplitude has a significant 
effect on failure loads, due to the strain energy dissipated with higher amplitudes under cyclic loading. 
For instance, the average failure force for monzonite and tuff was calculated at 15.87 kN and 13.45 
kN, respectively, under the highest frequency (10 Hz); while same rock types failed under lower 
forces by applying 50% of the UTS amplitude. Increasing the amplitude from 10% to 80% of the 
UTS caused a 22% reduction in the strength of monzonite specimens. However, increasing the 
frequency from 1 Hz to 10 Hz, caused only an 8% reduction in strength for the same rock type.  
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4.7 Damage Mechanisms with Cyclic Loading Tests 
The characteristic deformation curves of cyclic loading tests were obtained, and damage softening 
behaviour was determined for both brittle and ductile rock types. 
It was observed that many stress-induced cracks involved in the ultimate failure were affected by the 
surrounding intra-granular microfractures. This observation was found with marble and some 
sandstone samples and assumed to cause dilution of stress concentrations that resulted in the need for 
lower forces to achieve failure under cyclic loading compared with static failure. Thin-section studies 
showed the secondary opening cracks branched toward the lateral direction instead of propagating 
along the load direction as observed under static loading (Ghamgosar et al., 2016).  
 
Figure 4.5 Brittle fracturing patterns in tested Brazilian specimens: (a) under static loading, 
(b) under cyclic loading, (c) intragranular fractures, and (d) intergranular fractures  
Moreover, image-processing results indicated that the “fish-fin” crack pattern is the most common 
fracture pattern under cyclic loading failure that initiated after the formation of the FPZ at the crack 
tip in the CCNBD samples (Ghamgosar et al., 2016) (Figure 4.3 and 4.5). It was observed that the 
fish-fin pattern mostly occurred due to the absence of the bonding forces between the opposite parts 
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of the initial cracks, which is entirely different to what occurs with static loading failure. It can be 
concluded that applying cyclic load changes the interaction forces between the pre-existing cracks 
and local stress-induced microfracture clusters (please refer to the details in attached Paper I and IV).  
The CT-scan images provided a clear vision of emerging microcracks and microstructures in the FPZ. 
At the microscale level, fracturing is the separation of bonded surfaces into two or more parts. 
Dislocation of microfractures was formed and rearranged in different shapes for monzonite and 
marble specimens (please refer to the details in attached paper III). 
 
4.8 Damage Mechanisms and FEM Analysis 
 Finite element models 
 Standard laboratory tests were conducted to obtain the physical-mechanical properties of the rock 
samples. Subsequently, a numerical analysis was conducted in an attempt to understand the tensile 
stress distribution in Brazilian and CCNBD specimens under the applied loading and boundary 
conditions. In the first series of finite element models (FEM), numerical models were generated with 
the assumption that the mechanical behaviour of the rock samples was continuous, isotropic and 
homogeneous. The ABAQUS program was used in the FEM analyses. In ABAQUS, it is possible to 
define the post-cracking behaviour, and the post-failure results were calibrated with the experimental 
results. Three primary methods are available to consider the brittle damage in rocks: 
-Strain method: the post-failure behaviour of the rock is specified by entering the post-failure 
stress and strain relationship directly into the model 
-Displacement method: can be assigned by involving the post-cracking action by entering the 
post-failure stress-strain relationship 
-𝐺𝐹𝐼(fracture energy): can be attributed to the post cracking behaviour and uses the failure 
stress (𝜎𝑇) and fracture energy (𝐺𝐹𝐼) of Mode I 
A series of XFEM numerical analyses were also performed to evaluate the stress distribution and 
brittle fracturing of the tested rock specimens under static and cyclic loading. Parameters involved in 
this numerical analysis were strain rate, decomposition and cracking strain rate, elasticity properties, 
a set of cracking conditions and evolution law for crack propagation. All of the required parameters 
for the material properties in the numerical analyses were obtained from the tensile and compressive 
tests. One of the advantages of the XFEM method is its independence from the model meshing, 
therefore, the mesh generation is much simpler than in the FEM. Also, performing a cyclic loading 
analysis with FEM models takes a long time compared to a static loading analysis. A tensile stress 
distribution analysis of a Brazilian test specimen modelled with ABAQUS is shown in Figure 4.6. 
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Figure 4.6 3D tensile stress distribution in (a) a Brazilian test specimen and (b) a CCNBD 
specimen 
Brittle post-cracking behaviour can be determined by considering deformation or loading conditions. 
Based on the laboratory results of the UCS and BTS experiments, the “displacement” model was 
defined for modelling the post-cracking behaviour in our numerical modelling. For crack propagation, 
a simple Rankine criterion is applied in ABAQUS, by which a crack surface is considered normal to 
the direction of the maximum tensile stress (similar to our experimental results) (Simulia, 2012). In 
numerical models, shear softening or Mode II were also considered in the fracturing properties, and 
this is more realistic because there is evidence of shear stresses in the loading contact points (Erarslan 
& Williams, 2012). 3D stress elements were selected for the explicit modelling, which enabled a 
quick convergence of elements connected by 10-node quadratic tetrahedron shapes. The initial model 
was performed as shown in Figure 4.7. In all numerical modelling, the temperature effect was left as 
the default without any change. Figure 4.7 showed 3D tensile and compressive damage results in a 
Brazilian sample with an appropriate mesh generation with the smaller elements in the middle and 
larger size elements around edge of the sample.  
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Figure 4.7 Distribution of effective stresses and possible damage zones inside the Brazilian 
indirect tensile test specimen: (a) compressive stresses and (b) tensile stressess 
A comparison of experimental and numerical models showed a good correlation of tensile damage in 
the direction of maximum tensile stress (please refer to the details in attached Paper I). 
 
4.9 Distinct Element Model (DEM) Analysis 
Rocks can also be considered granular materials, and show non-linear behaviour under applied forces 
due to specific rock characteristics such as rock density, heterogeneity and stress history etc. There 
are important micro-lithology dependent rock parameters such as rock matrix, rock textures, particle 
size and shape, mineral content etc. and those parameters effect micromechanical properties and the 
deformability of rocks and are integrated into the cohesive properties between the grains and the 
matrix. A macroscopic failure of granular material is controlled by the compilation and deformation 
of microfracture dislocations. An equilibrium between contact forces and deformation was proposed 
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by Cundal and Strack (1979) who used the Discrete Element Method (DEM) to model rock grains 
individually based on Newton’s second law.  
𝐹 = −
𝑎
𝑟𝑚
+
𝑏
𝑟𝑛
 
(4.1) 
where the parameters 𝑎, 𝑏, 𝑚 and 𝑛 are constant parameters depending on the bonding type between 
the rock grains, and 𝑟 is the average distance of the particle (between each other) in a granular model.  
The characteristics of energy release and dissipation have been used for a variety of brittle materials 
like rocks, which provides a constitutive relationship between the material properties and external 
forces. According to the strain energy implemented with DEM tools, the ratio of local and total energy 
was obtained by running different numerical models. The first numerical analysis was performed for 
the UCS test (Figures 4.8, 4.9). Then the Brazilian and CCNBD tests of this research were modelled 
using the DEM and results are shown in Figure 4.10. Static tensile failure follows the cleavage 
patterns of fracture development, and this behaviour can be seen in DEM models (Figure 4.10). 
Cleavage patterns occur normal to the direction of maximum normal stress in the Brazilian samples 
as tensile microfractures are found to be in the load direction (Ghamgosar et al., 2016). Also, the 
grain size of the specimen influences the formation of tensile of shear microcracks along the main 
middle fracture. 
 
Figure 4.8 (a) Numerical modelling of a UCS test and (b) an experimental UCS test  
 
 
67 
 
 
Figure 4.9 Numerical modelling of a UCS test shows stress–strain behaviour 
 
Figure 4.10 Numerical models including 7109 rigid particles with tensile (red) and shear 
cracks (blue); (a) before and (b) after failure in Brazilian test; and (c) before and (d) after 
failure in CCNBD test  
Figure 4.11 and 4.12 illustrate the CT-scan results correlated with the thin-section analysis of the 
Brazilian specimen tested under static loading. Results show the shear inter-granular fractures and 
branching fractures along the load direction increased with grain size (Figure 4.11).  
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Figure 4.11 Brazilian indirect test of coarse-grained specimen, (a) CT-scan result, (b) thin-
section result shows microfractures and shear intergranular fractures  
 
Figure 4.12 Brazilian indirect test specimen, (a) CT-scan result, (b) thin-section result shows 
macrofractures and interagranular fractures 
Thin-section observation revealed that a large number of fractures developed around the grains 
(intergranular fractures) (Figure 4.11) with coarser grain rock, whereas tensile microfractures were 
found more in fine-grained samples (Figure 4.12). This outcome was also confirmed with the number 
of tensile and shear cracks generated in DEM models as shown in Figure 4.13.  
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Numerical analyses including stress distribution, displacement and velocity vectors were done for all 
the tested rock types in this research. Some of the velocity vector results are shown in Figure 4.13. 
Strain localisation can be determined, not only the nucleation of fractures along the maximum tensile 
stress, but also sliding behaviour, which represents a shear mode, and can also be studied by using a 
DEM analysis. In general, numerical analyses showed that increasing the grain size of a rock, such 
as the marble specimens used in this research, leads to an increase in the occurance of shear fractures, 
while the occurance of tensile fracturing is more likely in the fine-grain rocks such as the monzonite 
and tuff specimens used in this research. Similar results and more details can be found in attached 
Paper IV. 
 
Figure 4.13 Velocity vectors determined from the numerical modelling of a Brazilian indirect 
tensile test (Step 1–12) 
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5 SHORT SUMMARIES OF ATTACHED PAPERS 
This chapter consists of short summaries of seven papers attached in the Appendix. Paper I addresses 
the FPZ under static and cyclic loading tests and describes rock fracturing behaviour in the frame of 
the thesis. A new cyclic loading method called Stepped Cyclic Loading (SCL) was developed and 
Paper II contains a description of how SCL creates more damage in hard rocks. The third paper deals 
with image processing techniques and details the use of voxel analysis and CT scan results. 
Micromorphology and microfracture progress were studied and results are given in Paper IV. The 
CT-scan technique and its application to determine the effect of loading on fracture propagation in 
the FPZ is covered in Paper V. Paper VI explains the effect of the amplitude and frequency of cyclic 
loading on the fracturing behaviour of the tested rocks and presents a multifactorial analysis to seek 
the most effective factor in the fatigue damage mechanism of rocks. Finally, Paper VII presents the 
results of numerical modelling of the ODC and describes how plastic damage can be developed in 
the FPZ and in the contact region between the disc cutter and the rock.  
 
5.1 Attached Paper I⸺ Developing the FPZ Under Static and Cyclic Loading 
This paper describes the essence of a FPZ under two different loading conditions: static and cyclic 
loading. Although the present concept of a FPZ developing has been discussed in the literature, voxel 
analysis of the FPZ was employed and presented throughout the course of the PhD study. It must be 
noted that, the microfracture analysis based on the experimental results in conjunction with an 
imaging technique, is the significant part of this PhD study and is presented and investigated in the 
author’s other published papers.  
Crack initiation and propagation are complex phenomena that do not occur at the same time. The 
fracturing process initiates from a pre-existing crack tip, which on its own does not lead to failure of 
a rock body. Therefore, researchers have developed the concept of a FPZ to address the development 
and coalescence of microfractures at the crack tip region. Tensile strength arrays in this region 
represent the resistance of the rock that not yet ruptured and thus the ultimate strength is a function 
of crack displacement or opening forces (Tang et al., 2012; Labuz et al., 1991). As discussed in the 
previous chapter, macrocracks are components of the free traction length ahead of the initial crack 
tip. Therefore, an extension of the FPZ and the overall size of the FPZ is a crucial concept in rock 
fracturing analysis. 
The CCNBD specimens were used to study the fracturing behaviour under static and cyclic loading. 
The remarkable advantages of the CCNBD test over the other ISRM standardised tests are the small 
71 
 
size of the samples and the simple testing procedure. It is possible to determine fracture toughness in 
Mode I and Mode II and in the mixed mode. Also, the CCNBD method provides consistent results 
because of the stable fracture growing ahead of the crack tip.  
Observation of testing samples using CT scan techniques show that the orientation of the 
microfractures and their interaction between the rock particles results in strain energy loss, which 
directly contributes to forming the unique shape of the FPZ. In the static tests, the FPZ profile is 
associated with a narrow damaged zone, while under the cyclic tests, a great number of the curved 
and smaller cracks appeared in the FPZ as shown in Figure 5.1. 
 
Figure 5.1 CT-scan images of a fracture toughness test specimen in Mode I (a) microfractures 
in the tested CCNBD specimen under cyclic loading and (b) static loading  
It was also revealed that by increasing amplitude from 10% of the UTS (ultimate tensile strength) to 
80% of the UTS, the breakdown zone ahead of the notched crack increased. It was also concluded 
that the damaged area increases in size as cyclic forces are applied with greater amplitudes. This idea 
can be practically employed in rock cutter technology, especially for continuous cutters and ODCs.  
Numerical models were calibrated based on the laboratory results such as mechanical properties, and 
tensile and compressive load-displacement histories. For all of the numerical modelling, Mode I of 
fracture toughness was simulated. An attempt was made to investigate the distribution of principal 
tensile stress near a Chevron crack tip under static and cyclic loading. Tensile stress corrosion is 
obvious under cyclic failure because excessive fatigue failure occurs in the FPZ, and thus, under 
cyclic loading a smaller region of the FPZ can carry the tensile strength of a rock. This method can 
be adopted for common cases of fracture analysis in rock mechanics, such as modelling for caving 
and hydraulic fracture practices. Further details and discussions are provided in Paper I in the 
Appendix. 
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5.2 Attached Paper II⸺ Developed New Cyclic Loading SCL and CCL  
The cyclic mechanism of the cutter action in ODC is a novel idea that was employed to crack the rock 
body under fatigue and cyclic mode rather than the traditional compression or undercutting actions. 
The first paper discussed how cyclic loading could influence forming larger sized FPZs, while the 
second paper presents a new type of cyclic loading, undertaken to maximise the breakage in hard 
rocks (tuff and monzonite in this paper). Two different types of cyclic loading tests; Stepped Cyclic 
Loading (SCL) tests and Continuous Cyclic Loading (CCL) tests; were conducted on Brazilian and 
CCNBD specimens in order to determine the level of damage in the FPZ of the test samples.  
Compression waveform loading was designed through the Instron WaveMatrix™ program, such that 
the main difference between these two types of cyclic modes is the extra resting time in SCL. The 
unloading path of the cyclic loading in SCL affects the fatigue behaviour of the FPZ, and 
consequently, it is conjugated with an extra evolution of subcritical cracks.  
According to the measured crack mouth opening displacement in the SCL test, the maximum CMOD 
recorded in monzonite specimens was 0.12 mm under CCL and 0.14 mm under SCL, while the 
maximum CMOD obtained for tuff specimens was 0.09 mm under SCL and 0.11 mm under CCL. 
The load-unload curves obtained from laboratory experiments proved that less energy is required to 
break rocks under SCL conditions, and it was proposed that this concept would be incorporated into 
ODC technology to improve the cutter performance.  
This unique loading type can be undertaken to improve the performance of ODC technology, and 
thus, obtained results could be used to create more energy-efficient rock cutters. Further details and 
discussions are provided in Paper II in the Appendix. 
 
5.3 Attached Paper III⸺ Image Processing Tests and Voxel Analysis of the 
FPZ  
Most failure criteria have been developed based on the theoretical models, which predict the ultimate 
failure and consist of macrofracture observations. However, in rocks, as in other engineering 
materials, many microstructures and microcavities are associated with the failure process (Nazarov, 
2005). Therefore, predicting failure forces and the pre-failure condition is a crucial process related to 
underground excavation and the rock cutting process. 
The fracture toughness test is one of the most significant tests used to predict and to explain fracturing 
behaviour in engineering materials. CCNBD samples were used for this purpose, and the reason why 
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this type of sample was used is explained in Paper I and II. Laboratory experiments of developing a 
fracture under static loading showed that fracture toughness could be independent of the applied 
loading rate, whereas under cyclic loading, fracture toughness depends on the frequency and 
amplitude of applied forces (Ghamgosar et al., 2015). 
In this paper, a micro scanning technique was adopted to assess the damage zone, which is new to the 
literature, and the results provided detailed information about the FPZ under different cyclic loading 
tests. Figure 5.2 depicts different morphologies of the FPZ region obtained under the SCL, CCL and 
static loading tests. 
 
Figure 5.2 Morphology of the FPZ in a monzonite CCNBD test specimen under SCL, CCL 
and static loading 
Furthermore, DA analysis and a quantitative approach were introduced and discussed in this paper, 
which the presented results to broaden our knowledge of rock fracturing and show that grain size 
must be considered in fracture analysis—especially for coarser rocks. Further details and discussions 
are provided in Paper III in the Appendix. 
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5.4 Attached Paper IV – Effect of Grain Size and Rock Type on the Rock 
Fracturing Mechanism  
Microfractures forming in the FPZ are part of a complex process, and an ultrasonic test attempted to 
explain that there are three significant stages involved in the microfracturing process: stress-free crack 
initiation, microfracture bridging and microfracture development (Ghamgosar et al., 2014). 
Furthermore, in paper 4, it was shown that there are different types of fracture propagation models 
for coarse-grained rocks. Image processing results are illustrated in Figure 5.3, which attempts to 
prove that grains and minerals are preferential factors in the concentration of tensile stress and control 
the direction of microfracture growth by influencing the shape of the FPZ ahead of a crack tip. 
 
 
Figure 5.3 Microcracking along the main crack in a FPZ: (a) contacts are linked around the 
grains; (b) microcracks are separated by an intra-granular crack through the grains; (c) 
microcracks develop parallel to the main tensile crack through a fine-grained monzonite 
specimen  
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Figure 5.4 Image pixel analysis (of approximately 20 mm×20 mm) of the FPZ in front of the 
crack tip, including distribution patterns of microfractures that developed in different 
monzonite samples: (a) rock grains less than 0.5 mm, (b) grain size 0.5 mm–1.0 mm, (c) grain 
size 1.0 mm–2.0 mm and (d) grain size greater than 2.0 mm 
Practical mining processes deal with the rock mass and most structural rocks have multiple 
imperfections, cavities, complicated grain boundaries and interlocking characteristics that directly 
influence the mechanical and fracturing responses of the rock. Thus, the contact stiffness and the 
grain size of rocks must be investigated, as existing standard experiments do not address this 
significant fact.  
This paper presents detailed information on fracture toughness tests conducted on different monzonite 
samples with different grain sizes ranging from 0.5 mm to 2.0 mm.  
A statistical analysis was performed according to the pixel analysis data, and the results revealed that 
increasing the grain size up to 2.0 mm influences further toughness values. A clear distribution of 
tensile microfractures, which are referred to as wavy morphological surfaces, could be observed in 
the coarser samples and a deeper cracked valley was observed in the FPZ as shown in Figure 5.4. 
Particle Flow Code in Two Dimensions (PFC2D) was employed to evaluate the effect of grain size 
on producing of shear and tensile cracks, and detailed methods of calibration are discussed in papers 
IV and III and in Chapter 4.  
76 
 
Table 5.1 Description of different microfracture patterns developed in a BTS specimen based 
on the grain size observation used with CT-scan, thin-section and pixel analysis regarding 
DEM results 
CT-scan 
Thin-section  Description of 
fracture propagation Pixel analysis 
 
 
 
 
(a) smooth tensile 
crack with crushed 
zone and shear cracks 
around larger particles 
  
(b) trace of 
microsheared fractures 
around the grains as 
intergranular cracks 
 
(c) fluctuated pixel 
distribution with 
crossed and random 
cracks 
(Sandstone) 
Ø < 0.50 mm 
 
 
 
 
 
 
 
 
 
 
(a) 
(b) 
(c) 
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CT-scan 
Thin-section Description of 
fracture propagation Pixel analysis 
 
 
 
 
(a) scattered 
microfractures along 
the oriented tensile 
cracks, (b) trace of 
parallel tensile cracks 
and intergranular 
fractures, scattered 
microfractures around 
the grains as 
intergranular cracks  
(c) rough fractured 
surface and random 
microfractures 
(Marble) Ø < 1.0 mm 
 
 
 
(a) short fractures but 
are oriented along the 
tensile stress, 
microfractures along 
the major cracks 
(b) trace of pure 
tensile cracks and 
interagranular 
fractures 
(c) smooth parallel 
fractures that do not 
cross each other 
(Tuff) 
Ø < 1.0 mm 
 
(a) 
(b) 
(c) 
(a) 
(b) 
(c) 
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CT-scan 
Thin-section Description of 
fracture propagation Pixel analysis 
 
 
 
(a) clean and cleaved 
tensile fractures, a few 
microsfractures are 
along the major cracks 
(b) trace of pure 
tensile cracks and 
intragranular fractures 
(c) very smooth 
parallel fractures that 
do not cross each 
other (Monzonite) 
Ø < 2.0 mm 
(a) CT-scan results, (b) Thin-section results and (c) pixel analysis results. Dimension of the selected area in CT-scan image is 1×2 cm and 1×2 mm in 
thin-section figure. Pixel analysis results are depicted in pixel. 
 
Numerical studies revealed that the number of tensile and shear cracks increased as the grain size 
increased; this was more tangible for grains that were longer than 1.0 mm. However, in fine-grained 
specimens, static loading resulted in fracture surfaces with a smoother texture and relatively parallel 
veins. Image analysis techniques explain that the grain size influences microfracture patterns rather 
than macrofractures. As illustrated in Table 5.2, in marble, microfractures appeared to dominate the 
thin-section results and pixel analysis, while in finer rock types, such as tuff, microfractures were 
oriented along the tensile cracks and a low density of microfractures was observed. 
The results of this paper could be considered for use for the rock cutting process or in fragmentation 
studies, especially for coarser rock types, which there is a high demand to improve the efficiency of 
hard rock mining practices. Thin-section and image analysis results confirmed the different patterns 
of microfracturing in coarser rock as shown in Table 5.2. Scattered microfractures can be seen in 
coarser rock samples while for fine-grained samples, cracks tend to propagate under tensile mode and 
microfractures appear to cross grains. Further details and discussions are provided in Paper IV in the 
Appendix. 
(a) 
(b) 
(c) 
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5.5 Attached Paper V⸺ CT Analysis and Microfracture Studies under Static 
and Cyclic Loading Tests 
The idea of using CT scans and image analysis techniques was introduced with this paper, which was 
presented at the 49th US Rock Mechanics/Geomechanics Symposium. Thus a new experimental 
approach to investigate FPZ characteristics in tested specimens under static and cyclic loading was 
presented in this paper. The results of tests conducted showed an obvious difference in fracturing 
patterns in tested rock specimens under static loading as compared to cyclic loading. Further details 
and discussions are provided in Paper V in the Appendix. 
 
5.6 Attached Paper VI – Multiple Factorial Analysis of Cyclic Loading Tests 
Different statistical approaches were used in this research to assess the factors involved in the 
fracturing process of rocks. Paper VI was prepared to determine the dependent and independent 
variables in CCNBD fracture toughness tests. A multifactorial analysis is a special form of statistical 
analysis that used widely in experimental design in engineering and material science. This method is 
used for the first time to evaluate the incorporated factors in cyclic loading failure of rocks and to 
determine the significant parameters in the mechanical experiments conducted in this research.  
In the CCNBD tests, the very common approach of factorial analysis was designed between the 
individual parameters such as the cyclic loading amplitude, the inclined chevron angle of the CCNBD 
specimens, and fracture toughness values. Each factor in this paper was tested with five replications 
as recommended by ISRM standards. Amplitudes were applied by increasing the cyclic loading path 
and chevron angles were adopted by rotating the CCNBD sample against the direction of the 
diametral compression loading. The effect of amplitude is believed more significant compared to that 
of the frequency, and for this reason the frequency of all cyclic tests was set to 1 HZ. However, a 
range of amplitudes was used in this research: 10%, 20% and 30% of the UTS. Another parameter 
involved in this analysis was the chevron inclination angle, which was considered at β=300, β=450 
and β=600. 
Statistical analysis revealed that fracture toughness was very sensitive to the chevron inclination of 
450, and by increasing or decreasing the chevron inclination, the sensitivity of fracture toughness was 
reduced. Furthermore, it was determined that the amplitude of 20% of the UFL, is the most sensitive 
amplitude that influences the fracture toughness values in the cyclic loading test.  
The amplitude of a cutter machine is the crucial factor in the cutting process and according to the 
statistical analysis discussed in Paper VI, amplitudes less than 20% of the ultimate failure loading 
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associated with a contact angle of 450 required less energy to break the rock samples as compared to 
the other possible combinations tested. The other outcome of this statistical analysis approach was to 
optimise the ODC in terms of reducing the wear of the disc cutter, reducing energy consumption, and 
increasing cutting productivity. The technical outcomes of this paper were also discussed and shared 
with JOY. Further details and discussions are provided in Paper VI in the Appendix. 
 
5.7 Attached Paper VII – Numerical Modelling of the ODC Cutting 
Technology 
 The main mechanism of undercutting technology is breaking rocks under tensile failure as the tensile 
strength of rocks is lower than shear or compression strengths. Most of the current road headers and 
continuous shearers are equipped with drag bits in undercutting mode, while disc cutters attempt to 
break rock via the use of high cutting forces but cutting rocks normal to the rock surface. Among the 
current rock cutting technologies, the oscillating disc cutter (ODC) was proposed by David Sugden 
in 1971 and Newcrest Mining recently introduced this technology for underground mining at their 
Cadia Valley mine operation. As a part of this project, the current research study was started to 
investigate the effect of cyclic loading on fracture propagation in hard rocks, mainly monzonite as 
the hosted rock mass in Cadia Valley operations.  
This paper was prepared to investigate the effect of the cutting depth of the ODC cutter on cutting 
performance by conducting numerical modelling calibrated with ISRM standard tests. Extensive 
laboratory tests were performed on prepared monzonite samples and mechanical parameters 
employed FEM modelling of the ODC. Numerical results also confirmed that rock could fail at lower 
forces under cyclic loading compared to under monotonic loading. Moreover, an 8 kN cutting force 
is required to have a 10 mm cutting depth, and for cutting depths of 20 mm and 30 mm, 12.2 kN and 
12.6 kN forces are required, respectively. This numerical modelling was adopted based on the 
experimental results, and it will be used to investigate other influential factors in ODC performance. 
Strain energy and tensile stress distribution were determined and discussed in this research and hence 
inspired further studies, which were used in the author’s other publications. Further numerical studies 
shine light on the concept of the FPZ under cyclic loading, and other important roles in rock fracture 
disciplines were studied during the PhD program. The initial results of this paper also were provided 
to Newcrest and JOY Global to be used in their optimising plans for the ODC. Further details and 
discussions are provided in Paper VII in the Appendix. 
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6  CONCLUSIONS AND FUTURE RESEARCH 
The aims of this research were to perform fundamental experiments, in order to analyse and discuss 
the fracturing behaviour of rocks by including the FPZ and the damage mechanisms of the tested 
rocks under various loading conditions. A fracturing process is a complex process but rigorous 
methodologies were proposed in this thesis to successfully characterise microfracture and 
micromorphology properties based on the experimental results, numerical analyses and image 
processing techniques. 
 
6.1 Conclusions 
 The following conclusions are drawn from this thesis and published papers: 
 
 New experimental methods were introduced to study microfracture and micromorphology 
properties in the FPZ of rocks under various loading conditions. Moreover, the effect of 
amplitude, frequency and grain size on rock fracturing in the FPZ was also investigated. 
According to the standard fracture toughness tests, it was revealed that the size of FPZs that 
developed under cyclic loading was found to be larger than those under monotonic loading 
because of emerging microfractures and subcritical cracks. The size of the FPZ obtained 
using experimental methods was found to be smaller than that obtained using mathematical 
models such as cohesive crack models (elastic models). The FEM numerical analysis showed 
the length of the FPZ in monsonite is 1.8 mm under monotonic loading while for cyclic 
loading the FPZ length reached up to 2.5 mm. 
 A very effective combination of experimental and numerical analysis was achieved in this 
research. XFEM numerical models showed the induced tensile stress that developed in the 
FPZ under static loading was higher compared to that under cyclic loading. And to explain 
why, cleavage and sharp edge microfractures were found to be more prevalent in the FPZ 
under static loading. On the other hand, thin section and crossed Polaroid observations 
showed that the transgranular fracturing was the main fracturing type in the FPZ under cyclic 
loading. Moreover, a FEM stress analysis along the notched crack tip in a CCNBD specimen 
showed the magnitude of induced tensile stress dropped considerably within the FPZ under 
monotonic loading, while the magnitude of induced tensile stress dropped smoothly under 
cyclic loading. 
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 DEM numerical modelling was performed to determine the ratio of local energy in the FPZ 
to the total energy of the whole model. This ratio was used to explain the different external 
and internal factors affecting the fracturing behaviour of the monzonite samples. A small 
number of elements from the region ahead of the chevron crack tip were selected and the 
history of energy results was plotted versus the grain size. The numerical analysis showed a 
significant reduction in the energy ratio as the grain size increased. The findings of the energy 
ratio studies indicated that the size effect must be considered in rock fracture mechanics, 
especially with rock of coarser textures. A count of the tensile cracks obtained from 
numerical modelling was performed in this study, as a useful tool for studying the patterns 
of microfractures. The numerical studies revealed that the number of tensile and shear cracks 
increased as the grain size increased; this was more tangible for grains longer than 1.0 mm. 
 The strength degradation of monzonite samples under cyclic loading showed a dynamic 
process in rock fracturing that was found to be dependent on the frequency of the cyclic 
applied forces. Increasing the cyclic loading frequency from 1 Hz to 10 Hz caused a 35% 
reduction in the ultimate strength of the CCNBD specimens. Fracture toughness values of 
1.50 MPa√𝑚 were obtained for the fine-grained rocks (Ø < 0.5 mm) and 1.09 MPa√𝑚 for 
coarse-grained samples (Ø > 2.0 mm) under static loading tests, and 1.78 MPa√𝑚 and 
1.12 MPa√𝑚 under the cyclic loading. 
 Using theoretical models (such as the LEFM models) to determine the maximum extension 
of the FPZ, laboratory results and a multi-variable analysis showed that maximum extension 
could be possible with a 45° crack inclination angle, while this angle was determined to be 
60° by using elastic and linear fracture mechanics principles. It is concluded that the 
theoretical models are useful approaches to estimate the initial conditions of the rock 
fracturing process, but they are limited in their ability to monitor the FPZ in rocks. Thus, 
monitoring techniques such as the image processing technique proposed in this thesis along 
with the implementation of real images into the numerical simulations with the support of 
statistical techniques appear to be the best way to investigate rock fracturing. 
 CT-scan observations were found helpful to enable the quantifying of damage in the FPZ that 
developed under cyclic and static loading. The incremental damage tests were done to 
investigate the effect of amplitude and frequency on evolution and accumulation of 
microfractures in FPZ. Results of cyclic loading tests showed that damage obtained with 
cyclic loading was found significantly dependent on amplitude more than frequency. CMOD 
results showed the accumulation of axial deformation was found to be greater than lateral 
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deformation under cyclic loading. CT-scan and image processing results showed the same 
results.  
 Two different cyclic loading tests, SCL and CCL, were designed and conducted in this thesis 
to assess the most damaging loading for the selected hard rock samples of monzonite and 
tuff. The results of these tests should be integrated into the ODC technology to achieve easier 
cutting in hard rock excavations. Laboratory tests showed that microfracture density is 
strongly related to the individual loading–unloading cycles that occur during the cyclic tests. 
Further detailed CT-scan results revealed that the main characteristic of the FPZ is related to 
the loss of strength or stiffness of the material under SCL more so as compared to the same 
under CCL. Consequently, the larger size FPZ was achieved with SCL due to the difference 
between the amount of damage that occurred during loading and unloading cycles. Particle 
size analysis of fractured samples showed the average percentage of passing rock fragments 
(identical diameters of crushed material from the FPZ) was between 1.59 % and 12.8 % with 
SCL and varied between 1.04 % and 8.36 % with CCL. Thus, it is concluded that SCL 
produced approximately 30% more crushed particles than CCL. This finding was also 
reported to Newcrest Mining Ltd. who is the sponsor of this research, in order for them to 
use this information to increase the performance of ODC machine. 
 The image-processing technique was also employed to quantify the microfracturing in the 
FPZ that developed under both static and cyclic loading. This method was applied to several 
FPZ profiles to identify the consistent fracture patterns and the effective area in the FPZ. 
Observations showed that crack surfaces were obtained at 9.14e+04 mm3 for fine-grained rock 
types under static failure and 9.88e+04 mm3 for coarse-grained specimens. It was revealed that 
a wider fracture surface was obtained with an increase in grain size. A threshold algorithm 
was employed through the image processing to distinguish the fractures from the weathered 
and intact parts of the samples. It was also observed that microfractures tended to move 
around the grains and produce multiple fracture channels and radiating vein patterns within 
coarser specimens (Ø > 2.0 mm). However, fracture surfaces with a smoother texture and 
relatively parallel veins were created under static loading with the fine-grain rock specimens. 
 Image analysis revealed that FPZ size is dependent on loading conditions, such that FPZ 
dimensions under SCL were found to be larger than under CCL and static tests. Moreover, 
image analysis was used to explain the development of the FPZ and microfractures in marble, 
which contains interlocked coarse grains. The FPZ that developed in marble specimens was 
found to be wider under cyclic loading compared to the FPZ in monzonite and tuff samples. 
The pixel ratio of the FPZ was also used to determine the size of the FPZ extension. The 
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ratios were 30/140/210, 40/160/290, 30/240/250 and 45/180/270 for monzonite, tuff, 
sandstone and marble specimens under static, CCL and SCL loading, respectively. The size 
of the FPZ that developed under static loading was found to be smaller for all rock types than 
the FPZ that developed under SCL and CCL loading, while the FPZ in marble specimens 
was found to be larger due to stress concentrations around the grain boundaries even under 
static loading. This result shows that grain size must be considered as a very important 
parameter for fracture analysis of coarse-grained rocks. 
 
6.2 Recommendations for Future Research 
 The experimental and numerical models developed in this thesis focus on the microfractures and 
micromechanical properties of different rock types under cyclic and static loading tests. Rock mass 
may contain different scales of discontinuities and inhomogeneities which may comprise liquids, 
hydraulic forces or temperature-dependent conditions, but these factors are not considered in this 
thesis. There are some specific practical and feasible fracture mechanics approaches that may light 
the way to future research in this area: 
 There are some damage models used in material sciences that are not used widely in rock 
mechanics design. The main reason for this is the difficulty in studying rock damage 
mechanisms with dynamic or impact failures. Also, crack initiation and propagation 
hypotheses in these models neglect microfracture and microlithological factors that influence 
the stress distributions and material deformations.  
 Caving methods in low-grade deposits define the strongest trend for future mining. However, 
the method investigated in this thesis is only being used for hard rock underground mining, 
but it has the potential to increase production rates for other mining methods such as open cut 
mining. The ability to predict damage zone behaviour and ground movement is a critical 
requirement for mining planners and geotechnical engineers. Among the developed models 
to predict the caving process, the Syntactic Rock Mass (SRM) model was developed as a 
novel methodology to assess rock mass behaviour. However, detailed laboratory tests and 
field-scale investigations are required to calibrate the SRM models.  
 As discussed previously, coupled physicochemical factors can directly influence fracturing 
behaviour and alter the mechanical properties of the entire rock mass. In addition, natural 
cement-lined fractures and the presence of weathered materials such as clay and expansive 
particles can change the mechanical stability and dilute the final production. Current 
theoretical models have many assumptions for the practical criteria, and thus, a reliable 
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quantitative and experimental approach could provide detailed information to evaluate 
mechanical behaviour for a complex condition in the rock mass.  
 Hydraulic fracturing is one the most beneficial methods being used to access and extract 
rapidly dwindling energy resources. The earliest researchers focused on describing the 
fracturing process of a rock body by employing mathematical approaches, but in last decades, 
sophisticated coupled models emerged in the literature. However, rock formations cannot be 
treated as linear elastic material without any discontinuity, inhomogeneity, heterogeneity, and 
consequently, limited reliable and quantitative methods are available to validate the 
theoretical approaches. Another potential insight into the quantitative measuring of 
microfracture zones in complicated rock mass are the voxel analysis and statistical approaches 
(dimensional analysis, multifactorial analysis and quantitative image processing techniques) 
presented in this thesis. The possible initiatives for further research are all innovative and 
novel approaches in the sense that only a few researchers have used this methodology to study 
fracture propagation at a laboratory scale. For insight into other angles of the fracturing 
behaviour of various types of rock mass, scaling laboratory tests up to field studies is one of 
the demands that needs to be met in the geomechanics and energy industries. 
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Experimental and Numerical Study on Fracture Process Zone (FPZ) in Rocks 
M. Ghamgosar and N. Erarslan 
Abstract 
The Fracture Process Zone (FPZ) in Cracked Chevron Notched Brazilian Disc (CCNBD) of Cadia 
Valley mine monsonite and Brisbane tuff specimens was investigated to evaluate mechanical 
response of brittle rocks to cyclic loading.  FPZ zone is a region involves different types of damages 
around the crack tip. This highly damaged area includes micro- and meso-cracks, which emerged 
prior to the main fracture growth or extension and ultimately coalescence to macrofractures at the 
failure stage. Laboratory experiments and numerical simulations were designed to study the two 
features of the FPZ in rocks: ligament connections and microcracking. A Computed Tomography 
(CT) scan was also used to simulate the fracturing behaviour of selected rock samples. CT scan results 
demonstrated that the velocity of fractures are found entirely dependent on the appropriate amount of 
fracture energy absorbed in rock specimens due to a change of frequency and amplitudes of loading. 
An e-Extended Finite Element Method (XFEM) was used to compute displacements, tensile stress 
distribution and plastic energy dissipation of the propagating crack-tip in FPZ. The most striking 
observation was found numerically and experimentally for FPZ extension shape, which was in good 
agreement with the result of CT-scan analysis. 
Keywords: FPZ, subcritical crack propagation, rock fracture toughness, CCNBD, CT scan, SEM 
Corresponding author: Morteza Ghamgosar, E-Mail: m.ghamgosar@uq.edu.au, The University of 
Queensland, School of Civil Engineering, St Lucia, Brisbane, 4072, Australia. 
1. Introduction 
The applicability of Linear Elastic Fracture Mechanics (LEFM) to brittle materials is open to 
question. LEFM is applicable to perfectly brittle materials where the material behaves elastically until 
it fractures. In that case, energy from applied loading is converted to elastic strain energy and surface 
energy due to the formation of the main crack (Spyropoulos et al., 1999, Griffith, 1920). However, 
rocks are not entirely brittle and exhibit pre-peak nonlinearity and post-peak unloading called "strain 
softening" (Labuz et al., 1987, FRANKLIN et al., 1988). The two physical phenomena that are 
considered responsible for this behaviour are: 1. microcracking near the crack tip, and 2. ligament 
connection or crack bridging across the main crack due to aggregate interlock, unbroken fibre, etc. In 
addition, LEFM assumes that the material is homogeneous, whereas rocks can perhaps be considered 
homogeneous only at a scale much larger than the grain size. Therefore, the applicability of LEFM 
depends on the size of the specimen and the crack (Mindess, 1984). 
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Crack initiation, propagation and specimen failure do not occur at the same time; rather, each 
separately forms a particular fracture process. However, the crack initiation from a pre-existing crack 
tip, called the primary crack, does not have to lead to failure, since this initial crack propagation may 
be arrested at some stress level. It is suggested that the crack propagation in rocks, concrete, etc. is 
associated with the formation of microcracks at the crack tip, and interlocking of particles behind the 
crack tip (also called ligament connection or crack bridging). These phenomena are different from 
the plastic yielding near the crack tip in metals (Tang and Yang, 2012). With increasing load, 
secondary cracks develop and propagate until they reach the boundary, leading to final failure, or 
until they act as a ligament between primary cracks to cause a final failure plane (Wang et al., 2004). 
Horii and Nemat Nasser (Horii and Nemat-Nasser, 1986) investigated the micromechanics of axial 
splitting and faulting by using certain mathematical models to analyse these failure modes, new 
simple closed-form analytic solutions of crack growth in compression and experimental results. These 
authors proposed simple two-dimensional mathematical model for the analysis of the brittle-ductile 
transition process and closed-form analytical solution to compare results with those of proposed 
mathematical model (Horii and Nemat-Nasser, 1986). 
The tensile fracture of a brittle solid is relatively simple and well understood: a single flaw propagates 
unstably when the stress intensity, ܭ, at its tip exceeds the critical stress intensity (or fracture 
toughness) ܭ஼, of the solid. The cracks then grow in a stable way until they start to interact; interaction 
increases the stress intensity driving crack growth and leads to instability and final failure (Eberhardt 
et al., 1998).  
The mode I (tensile) stress intensity factor ܭூ itself is dependent on the crack length, ܥ, the applied 
stress, ஺,  and a geometry factor, ߰ (Anderson, 2005) 
 
 ܭூ = ߰ߪ஺√ߨܥ  (1) 
 
Classical fracture mechanics suggests that the fracture initiation from the fracture tip takes place when 
 ܭூ = ܭூ஼ (2) 
 
where ܭூ is mode I (tensile) stress intensity factor and ܭூ஼ is the mode I fracture toughness, a material 
constant that can be determined by laboratory tests (Anderson, 2005). The sub-critical crack growth 
theory states that slow crack extension takes place when 
 ܭூ < ܭூ஼   (3) 
 
When a subcritical crack (a crack whose stress intensity factor is below the critical value) is subjected 
to either repeated or fatigue load, or is subjected to a corrosive environment, crack propagation will 
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occur. Subcritical crack growth is one of the main explanations for creep damage mechanism in rocks. 
In some fatigue research, damage accumulation in brittle materials under cyclic loading has been 
explained by the ‘creep’ mechanism and ‘stress corrosion’ (Evans, 1972). Evans (Evans, 1974) 
analysed the failure of materials due to slow crack growth, under dynamic loading conditions in terms 
of crack velocity and stress intensity relationships. Evans and Fuller (Evans and Fuller, 1974) showed 
that this type of analysis can fully describe the failure characteristics for both constant strain-rate and 
constant stress-rate loading. The analysis is used to predict the variations of strength and subcritical 
crack growth with strain-rate and stress-rate. One of the most fundamental parameters in fracture 
mechanics is critical fracture toughness (ܭூ஼), which describes the resistance of a material to crack 
propagation. ܭூ஼  is an important material property, which corresponds to the critical state of the stress 
intensity factor required for crack initiation and subsequent propagation. In geomaterial like concrete, 
rocks, etc., the region near the crack tip containing the micro cracked zone and the ligament 
connections is called the fracture process zone (FPZ) (Fig.1).  
 
Figure 1 Nomenclature of FPZ and progressive fracture zone in CCNBD 
 
The effect of the FPZ on the propagation of a tensile crack has been a subject of considerable interest 
over the years, and is the subject of this research (Tang and Yang, 2012, Labuz et al., 1987). The size 
of FPZ may depend on the grain size of rocks (Maji and Wang, 1992). Maji and Wang also suggested 
that the ligament connection is the main feature in fracture process zone that crack bridging happen 
there. Several researchers have modelled evolution of the process zone dimensions and physical 
characteristics based on the nonlinear behaviour of rocks. Details of various experimental studies 
have been summarized by Ouchterlony (Ouchterlony, 1980). Schmidt and Lutz (Schmidt and Lutz, 
1979) suggested that the crack length "ܽ" should be larger than 2.5× (ܭூ஼/ߪ௧)ଶ, where ܭூ஼ is the 
critical Stress Intensity Factor (SIF) and ௧ is the tensile strength of the rock. In addition, they 
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suggested a maximum normal stress criterion to describe the shape of the crack tip FPZ in rock. This 
criterion is based on the assumption that the formation of FPZ takes place because of excessive tensile 
stress, i.e. when the local maximum principal stress near the crack tip reaches the ultimate uniaxial 
tensile strength (௧) of the rock.  
The description of FPZ zone in rocks is more difficult than in metals due to complexity of the 
fracturing process in rock. From the method for determining the principal stresses in front of the crack 
tip in the elastic region, the principal stresses in the vicinity of a crack tip in plastic zone can be 
obtained as follows (Whittaker, 1992): 
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Making a substitution of maximum principal tensile stress ଵ  given by Eq. 4 into when ߪଵ = ߪ௧ 
yields the shape of FPZ as follows (Whittaker, 1992): 
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Since many criterions do not account for the stress redistribution outside FPZ, the actual size of the 
FPZ in rocks should be larger.  It is assumed in the literature that the macro crack is composed 
of the traction free length behind the crack tip plus the FPZ. Closing forces in this zone represent the 
resistance of the material not yet ruptured or in contact, and are a function of crack opening forces. 
Thus, unbroken/interlocked ligaments are prevalent behind the crack tip indicating that the crack must 
open further to overcome the closing forces. Physically this region may be caused by the variation in 
local stress between grains and pre-existing microcracks, so differentiating between the two zones 
may be obscure (Labuz et al., 1987). In this paper, different extension of microfractures in FPZ region 
was examined by performing CCNBD test and simulated numerically by XEFM analysis. 
2. Experimental Study 
2.1 Mode I (Tensile) Fracturing Tests 
 
The Cracked Chevron Notched Brazilian Disc (CCNBD) samples were used in both static and cyclic 
loading to determine Mode I fracturing value. CCNBD specimens were preferred to use in entire test 
series rather than using Short Rod (SR) specimens. As far as a general comparison between the two 
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methods is concerned, the CCNBD method definitely had advantages in terms of simplicity of sample 
preparation and less material required for testing. It is also unnecessary to perform pre-cracking for a 
CCNBD specimen because it uses a chevron notch that self-pre-cracks during testing and leads to 
stable crack propagation. Another remarkable advantage of the CCNBD method over the SR method 
in terms of accuracy is higher load capacity and consistent results for each test. In this research, all 
the CCNBD samples show high accuracy in maximum load measurements. In addition, it is possible 
to measure mode I (tensile), mode II (shear) and mixed-mode I–II (tensile and shear) fracture 
toughness by inclining the notch at different angles with respect to the axis of diametral load. 
Moreover, it is believed that obtaining the FPZ zone with CCNBD geometry is more precise than 
obtaining with SR specimen geometry as CCNBD has an embedded chevron notch crack whereas SR 
specimen has edge notch crack. The most significant and fundamental laboratory experiments that 
were used in this research include; Uniaxial Compressive Strength test (UCS), Brazilian Indirect 
Tensile Test (BTS), fracture toughness test by using the Cracked Chevron Notched Brazilian Disc 
(CCNBD) and The Computed Tomography (CT) scan that uses x-rays and digital computer 
technology to create cross-section images of the damaged rock specimens. A series of BTS specimens 
were tested to evaluate the effect of cyclic loading on the tensile strength of two brittle rock types. 
Furthermore, CCNBD test was carried out to determine the mode I fracture toughness of rocks (see 
Figure 2). 
 
 
Figure 2 Configuration of the CCNBD sample according to the ISRM suggested method 
 
The CCNBD test has advantages over other ISRM or ASTM methods in terms of the simplicity of 
sample preparation and the reduced material required for testing (Erarslan and Williams, 2012). A 
fully digital cutting machine with a circular 40 mm diamond saw was used to prepare the notched 
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cracks, according to the ISRM suggested method (Figure 3a). Prepared Tuff and Monzonite CCNBD 
specimens are shown in Figures 3b and 3c, respectively. The CCNBD method has the advantage of 
high precision and resulting from a higher level of load capacity achieved by having a sharp chevron 
notched tip instead of embedded straight notch cracks. All geometrical dimensions were selected 
according to the specifications recommended by ISRM (Fowell et al., 1995). In order to achieve valid 
results, there are two important dimensions, that is, notched crack length αଵ and the ratio of specimen 
thickness to diameter α୆ that must fall within the ranges outlined in ISRM suggested method (Fowell 
et al., 1995). In this study, the thickness of monsonite disc-shaped samples, B, was 22.3mm, inner 
chevron crack notch half length, α଴, was 5.8mm, outer chevron notched crack half length, αଵ, was 
selected 15.6mm (see Figure 3c). The diameter of the CCNBD for Tuff specimens was different 
because of greater core diameters. Geometrical dimensions of Tuff specimen were B=25mm, 
α଴=8mm and αଵ=18mm. All selected dimensions for the geometry of specimens in this study were 
valid based on the ISRM suggested method. Some of the prepared CCNBD specimens are shown in 
Figure 3b (tuff) and Figure 3c (monsonite), respectively. 
 
 
Figure 3 Experimental setup of CCNBD test according to ISRM suggested method 
An Instron loading machine with a capacity of ±150 kN (+/- 25,000 kgf, +/- 56,000 lbf) was used for 
static and cyclic loading tests. An Instron 2670-132 series Crack Opening Displacement (COD) gauge 
was used to measure the crack mouth displacement, which the optimum length of travel was 4mm 
(Figure 3d). The length of COD gauge was 10mm which is set up and mounted in CCNBD specimen 
according to the British Standard BS 5447 and American standard ASTM 399 70T. For the CCNBD 
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static tests, disc specimens were diametrically loaded parallel to the diametral compressive loading 
directions with a notch crack inclination angle of zero (β = 0) to provide a mode I fracture condition. 
For the compressive loading tests, an Instron hydraulic servo-control testing system was used and a 
loading frame, configured separately according to the test type (i.e., static loading or cyclic loading), 
was used. Load, diametral displacement, and crack mouth displacement, were continually recorded 
during the test by using a computerised data logger. Static tests were performed following the ISRM 
instructions (Fowell and Xu, 1994, Fowell et al., 1995).  
 
2.2 X-Ray Computed Tomography (CT) Scanning Tests 
 
In this study we used 3-D X-ray micro-focus CT scanning techniques to correlate between the 
physical properties in a damaged zone, such as test cracks passage area, crack porosity (cracked 
volume/total volume), crack density (number of cracks per ݉݉ଷ). Four samples, two were tested 
under static loading, and the other two samples were tested under cyclic loading, have been prepared 
(Figure 4). These samples were tested at the University of Queensland, Julius Kruttschnitt Mineral 
Research Centre (JKMRC) for X-ray CT scanning. The X-ray detector is a high-resolution digital X-
ray camera detector system. This detector accumulates all the energy of the transmitted photons and 
provides the numerical data to be used in reconstructing an image. For each head, 1500 views of the 
sub-sample were taken over 360° rotation. Each sample was placed vertically within the scanner so 
that the X-ray intersected the sample perpendicular to it longitudinal axis. Once the scans were 
finished the collected raw data (the series of rotational X-ray images) were reconstructed with an 
ultra-high resolution noise reducing filtered back-projection. For the SkyScan 1172, the X-ray micro 
focus tube with 8 µm focal spot operates at 20-80 kV and 100 µA current while the source working 
at 20-100 kV and 0-250 µA has a 5 µm spot size. The special X-ray CCD camera is based on a 
4000×2300 (10 Mp), or 1280×1024 (1.3 Mp) cooled CCD sensor with fibre optic coupling to the X-
ray scintillator. For the 10Mp camera, the X-ray shadow projections are digitized as 1000 ×575 to 
8000×2300 pixels with 4096 brightness gradations (12 bit). The reconstructed cross sections have a 
1000×1000 to 8000×8000 pixels (floating point) format. The pixel size is isotropic and continuously 
variable from 0.9 µm to 35 µm. Figure 4 represents the experimental set up for rock samples after 
fracture toughness test. 
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Figure 3 Experimental setup for X-ray analysis 
In order to assess micorfracture patterns in cyclic loading, the first series of CCNBD samples were 
tested by applying CTscan technique under different static and cyclic loading. The second series of 
CTscan tests were performed for partially loaded specimens of 10%, 50% and 80% of UTS (Ultimate 
Tensile Strength) to compare the effect of different magnitudes of amplitudes in the extension of FPZ 
region in cyclic loading.  
 
3. Numerical Analyses 
 
The e-Extended Finite Element Method (XFEM) was used in this research to perform numerical 
simulations and analyses. In the traditional FEM that is used for crack propagation modelling, crack 
grows from the edge of the elements. However, in XFEM method, numerical modelling is conducted 
in based on the enrichment elements of FEM, which associated by additional Degree Of Freedom 
(DOF) (Giner et al., 2009). Another advantage of XFEM method is its independence to model mesh 
and was successfully applied to model the dynamic fracture propagation (Giner et al., 2009).  The 
main parameters for the numerical analysis were strain rate decomposition or cracking strain rate, 
elasticity properties, a set of cracking condition and evolution law for crack propagation in the FPZ 
simulations. One of the powerful models, which are utilized for analysis brittle cracking, is the 
inelastic constitutive model that was used for modelling fracturing process in Mode I fracturing test 
simulations. All input parameter for the numerical models were obtained through the laboratory 
experiments, and ultimately brittle crack model was adopted for stress-displacement analysis. 
4. Results  
4.1 Mode I Fracture toughness under static loading 
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Failure load and fracture toughness values of the Brisbane tuff and Cadia Valley monsonite were 
determined with the CCNBD method. The maximum recorded load and the calculated fracture 
toughness values obtained from ISRM standard test CCNBD are shown in Table 1. 
 
Table 1 Mode I fracture toughness values of Brisbane tuff, and Cadia Valley monsonite 
specimens obtained whtinh CCNBD tests 
Rock type Pmax (kN) 
Brisbane tuff 
KIC (MPa√m) 
Monsonite 
Brisbane tuff-1 4.32 1.20 
Brisbane tuff-2 4.26 1.18 
Brisbane tuff-3 5.23 1.45 
Brisbane tuff-4 4.19 1.16 
Brisbane tuff-5 5.36 1.49 
Average                4.67                    1.29 
Monsonite-1 8.36 2.32 
Monsonite-2 7.21 2.00 
Monsonite-3 7.06 1.96 
Monsonite-4 7.64 2.12 
Monsonite-5 6.91 1.91 
Average 7.44 2.06 
 
It is apparent from the Table 1 that the average failure loading for tuff was recorded about 4.67kN 
and is almost half of the ultimate loading of monsonite sample. The average fracture toughness 
magnitudes for monsonite and tuff specimens was measured 1.29 MPa√m and 2.09 MPa√m, 
respectively.  
 
4.2 Test Results of Mode I Fracturing under Cyclic Loading 
 
Two types of cyclic loading were performed by using Instron WaveMatrix software. In the first type, 
which is called ‘stepped’ type increasing cyclic loading, the mean levels of each cyclic increase with 
constant frequencies ranged from 1HZ to 5HZ.  In this model, cyclic waveform starts of the initial set 
point (starting value of the controlling channel at the beginning of a step), proceed to a peak amplitude 
(+ or -), reverses to the opposite peak amplitude, and then return to the initial set point. However, in 
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the second type, which is called ‘continuous’ increasing cyclic loading, cyclic waveforms start at the 
initial set point proceed to a peak and reverse to the end of last set point of the previous step.  
 
Table 2 Mode I fracture toughness values of Brisbane tuff and monsonite specimens obtained 
from CCNBD Cyclic loading tests 
Rock type Pmax (kN) 
Brisbane tuff 
KIC (MPa√m) 
Monsonite 
Pmax (kN) 
Brisbane tuff 
KIC (MPa√m) 
Monsonite 
 Continuous Cyclic Loading Stepped Cyclic Loading  
Brisbane tuff-1 3.67 1.02 2.59 0.72 
Brisbane tuff-2 3.83 1.06 3.41 0.94 
Brisbane tuff-3 4.55 1.26 3.66 1.01 
Brisbane tuff-4 3.35 0.93 2.93 0.81 
Brisbane tuff-5 4.82 1.34 4.29 1.19 
Average 7.43 2.06                    3.38                    0.77 
Monsonite-1 5.02 1.39 4.31 1.20 
Monsonite-2 4.04 1.12 3.71 1.03 
Monsonite-3 4.31 1.19 3.70 1.03 
Monsonite-4 5.35 1.48 4.81 1.33 
Monsonite-5 4.35 1.21 3.77 1.04 
Average 4.61 1.28 4.06 1.13 
 
Progressive damages in cyclic loading exhibits stiffness reduction and that is obvious for the stepped 
cyclic loading compared with the continuous cyclic loading.  Stepped cyclic loading provided an 
extensive set of stiffness reduction due to the emerging newborn microfracture in unloading steps. 
This most interesting finding could be associated with disc cutters by considering of discontinuous 
loading rather than applying continuous loading. Another possible explanation for this might be that 
strain energy dissipation rate for the stepped cyclic loading is greater than the continuous cyclic. 
Further studying in quantifying this phenomenon is under investigation by authors. It should be noted 
that type of the cyclic loading not only effects on the ultimate failure loading but also impacts on the 
microfracture density in FPZ. According to this assumption, the general conclusion can be drawn 
from the results shown in Table 2 corresponding to the unloading state. As the FPZ can tolerate only 
part of the applied loading, fracture toughness dramatically reduces for the stepped loading compared 
to the continuous cyclic loading. That is believed that by 100% unloading in cyclic loading more 
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fatigue cracks emerged and ultimately, samples are failed at the lower magnitudes of applied 
compressive loading.    
 
4.3 CT scan Test Results 
 
The CT scan technique was used to quantify the fracture process zone under the different cyclic 
loading. As discussed earlier, nucleation of micro-fractures is the initial and main reason of fracturing 
in brittle rocks. The CT scan tool provides a clear vision of emerging micro-cracks and 
microstructures by focusing on FPZ zone, which includes micro-fractures. At the micro-scale level 
of material properties, fracture happens by the separation of the bonded surfaces into one or more 
parts. Dislocation of micro-fractures piled-up in different ways for different rock types. Breaking 
bonds expanded preferably in the two styles by the concentration of stress at the tip of fractures; 
transcrystalline and inter-crystalline cracks (Gross and Seelig, 2011). All those dislocations occurred 
by the micro-fractures and caused by the inelastic behaviour of rock due to those intergranular and 
intragranular cracks cause brittle fracturing (Figure 5). However, other internal micro-fractures like 
cavities and voids can cause dislocations to be piled-up during the loading. The obvious difference in 
fracturing of specimens tested can be seen in Figure 5 due to the static loading and cyclic loading. 
 
 
Figure 5 CT-scan images for (a) cyclic and (b) static loading at CCNBD fracture toughness test 
of Mode I 
For instance, symmetrical fracture surfaces were seen in failed specimen tested under static loading. 
However, excessive dust and small particles were observed in failed specimen tested under cyclic 
loading. This mechanical behaviour means that decohesion and loosening start with the progressing 
of FPZ under the cyclic loading. This was supported by the stepped cyclic loading compared to the 
continuous cyclic loading. Result of the CT scan test performed on the monsonite and tuff samples 
showed that the microfractures initiate at the tip of notch crack in a very sharp strike. However, it was 
found that by increasing the amplitude, more microcracks are produced and very interesting damage 
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behaviour was seen around the tip of notch crack. Figure 5 shows the different FPZ in front of the 
notch crack that was observed by CT scan analysis. 
Observation of CCNBD series by CT scan tools showed that the orientation of micro fractures and 
their interactions with the smoother crack and subcritical fractures causes enhance energy dissipation. 
Static test revealed that crack profile associated with the narrow damage zoned started from the tip 
of notch crack and ended at the CCNBD circumference and therefore not much branching occur. In 
the contract, under the cyclic loading, great number of the smooth and smaller cracks pass the fracture 
process zone suggested that in the cyclic loading, subcritical cracks and microfracture propagate via 
connecting each other and breaking the bridging between the cracks. This interesting and novel 
phenomenon was studied by using the XFEM analysis to evaluate the role of different stress 
component at the tip of notch cracks under the different cyclic loading test. It has been concluded that 
the fracture process zone width can be defined by the accumulate fracture branching and nature of 
the cyclic loading, i.e. function of amplitude and frequency. It was observed that subcritical and 
supplementary microfracture are trend to be extended by increasing the amplitude from 1%UTS to 
the 10%UTS. 
According to the CTscan analysis, it was found that formation and expansion of FPZ are strongly 
depended on the cyclic loading characteristics and changes due to the amplitude and frequency. Thus, 
different cyclic tests has been conducted to explain this concept by using CTscan observation. Figure 
6 indicates that breakdown zone of rock matrix and emerging microcracks developed by increasing 
amplitude from 10%UTS to 50% and 80%UTS, by observing of high magnitude of microfracture 
density in FPZ region. 
 
 
Figure 6 Different breakdown pattern in FPZ under the different amplitudes of cyclic loading, 
(a) at 10%UTS, (b) at 50%UTS and (c) at 80%UTS. 
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In Figure 6, it was clearly seen that by increasing the amplitude from 10%UTS to 50%UTS and 
ultimately to 80%UTS, number of microfracture and width of the FPZ increased. It should be noted 
ultimate shape of the FPZ could be altered corresponding to the material properties and other 
environmental conditions such as pore pressure and thermal state. For instance, it was shown that by 
increasing temperature the fracture toughness value decreases for monsonite specimen in fracture 
toughness test (Ghamgosar et al., 2014). In order to have the consistency of experimental results in 
this study, all tests were conducted in room temperature. 
 
 
4.4       Numerical Simulation Results 
 
In LEFM, the change of strain produced by plastic deformation will result in the crack length 
extension. Since the crack growth influenced by unloading and no-proportional plastic deformation, 
therefore, for the small amount of cracks it is possible to generalise the rate of strain energy versus 
the crack length. For clear understanding of different mechanism of rock fracturing under the different 
cyclic loading, a series of numerical analysis have been performed by ABAQUS FEM software.  
Schmidt (Schmidt, 1980) suggested a maximum normal stress to evaluate fracture propagation and 
shape of the crack in FPZ. In based on this theory, FPZ takes place because of excessive tensile stress. 
For brittle material such as ceramic and rocks, nucleation and coalescence of microcracks is the main 
micromechanism of the damage. A numerical attempt has been done to investigate the distribution 
modes of principle stress at the vicinity of chevron notched crack in CCNBD cyclic testing. It has 
been seen that the evolution of damage and stress distribution is strongly related to the loading history 
of excessive external stress in loading and unloading. Figure7 demonstrates the maximum tensile 
stress distribution around the chevron notch crack for monotonic and cyclic loading.  
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Figure 7 Distribution of maximum tensile stress at the CCNBD fracture toughness test Mode I 
in (a) static loading and (b) cyclic loading.  
From numerical models, that is found that there is a trace of stress concentration at contact points, 
however, that is not the original recourse for fracture initiation and propagation. 
By substitution of maximum tensile stress into the equation 4 and 5 above, the shape of FPZ yields 
to the following equation: 
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Therefore, maximum expansion of FPZ’s dimensions can be calculated mathematically by derivation 
of the above equation as: 
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Maximum dimension of FPZ can be achieved at ߠ = 60° which the magnitude of the maximum 
length of FPZ obtained as 
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However, previous experimental and multi-variation analysis revealed that maximum fracturing 
occurred at ߠ = 45° for monsonite specimens (Ghamgosar et al., 2014). This is a clear difference 
between the theoretical and real shape/size of FPZ in selected rock samples. A comparison of these 
two different approaches reveals that the size of FPZ model proposed by Schmidt (Schmidt, 1980) is 
larger than the experimental results were obtained. One possible explanation could be the role of 
different properties and grains sizes due to the inhomogeneous behaviour of rocks. 
5. Discussions 
5.1 Static and cyclic loading 
 
Initially, a series of CCNBD specimens were tested to understand fracture propagation pattern in 
monotonic compressive loading. One of the most interesting results shows that in the monotonic 
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loading fractures propagate through the mineral and typical brittle fracture can be seen in the split 
surfaces of rock specimens. However, in cyclic loading, a typical fatigue mechanism can be observed 
by producing accumulative microfracture and irreversible plastic strain. Crack opening displacement 
(CMOD) has been measured simultaneously along the x and y directions during the static and cyclic 
loading. From the comparison of both diametral axial displacement, it can be seen that irreversible 
plastic strain and permanent displacement increase continuously in the cyclic loading by increasing 
at a slow deformation rate to accelerate quickly at the failure.  
It is shown in this research that crack propagation causing failure is possible with lower stress 
intensity values (ܭூ)at the crack tip than the critical stress intensity value(ܭூ஼). This result goes 
against the classical theory, which predicts that there will be no crack growth as long as ܭூ஼ > ܭூ. In 
the classical fracture mechanics, cracks will propagate when the stress intensity factor, ܭ, reaches or 
exceeds a critical stress intensity factor, ܭ஼. In systems subjected to long-term loading, however, the 
classical fracture mechanics approach does not work, and crack growth can occur at a value of stress 
intensity factor that may be substantially lower than the critical value. This phenomenon is known as 
subcritical crack growth. Subcritical crack growth phenomenon was obtained clearly with the 
CCNBD fracturing tests.  
In situation where the initial orientation of micro fractures or weakness planes ahead of the test crack 
may be different due to the random orientation of crystals, the micro fractures will align themselves 
with preferred cleavage planes and that may not be parallel to the plane of the test crack propagation 
direction causing local deviation. 
In general, fractures are located on grain edges, especially around small grain minerals (<1,0mm). On 
bigger crystals, there are some fractures through the mineral grain, but those transgranular fractures 
are restricted to the central portion of the rock sample. On the edges of the sample (border of the 
Brazilian test rock sample), the fractures are exclusively located around grains (intergranular 
fractures). 
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Figure 8 Tensile stress distribution at front of the notch crack in CCNBD specimen under the 
static loading.  
 
FPZ can also be the consequence of microcracking and developing fatigue process that occurs in front 
of the tip of CCNBD samples as the result of nonlinear behaviour. For the static test, it was found 
that the length of effective FPZStatic is around 1.3mm; however, this value was obtained at least 2.5mm 
for cyclic loading. This indicates that extreme dimensions for FPZ in static loading is smaller than 
the cyclic loading, or FPZStatic< FPZCyclic (see Figure 8 and 9). A comparison of the tensile stress 
distribution reveals that maximum tensile stress for static loading was obtained 8MPa, however, for 
cyclic loading was 3.5MPa, and this shows 43% reduction in tensile stress. Therefore, according the 
tensile stress distribution it can be claimed that  ߪ௧ௌ௧௔௧௜௖
ி௉௓ > ߪ௧஼௬௖௟௜௖
ி௉௓   (see Figure 8 and 9). It should be 
noted that FPZ, technically is the area that tolerate partial loading until the stress component reach to 
the critical stage. The most appropriate model used LEM approaches; however, for the 
inhomogeneous material such as rock and concrete, FPZ dimension is depends on the grain size, 
nature of loading and environmental conditions. 
 
FPZ 
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Figure 9 Tensile stress distribution at front of the notch crack in CCNBD specimen under the 
cyclic loading.  
 
Developing of FPZ is the corresponding of the crack tip opening displacement to the applied load, 
which this phenomenon leads to decreasing the tensile stress in FPZ region. This so-called strain-
softening and tension-softening was proposed by Hillerborg  (Hillerborg et al., 1976),  Horii and 
Nemat-Naseer (Horii and Nemat‐Nasser, 1985).  
Based on the energy concepts, cohesive crack models for rock developed by Labuz (Labuz et al., 
1983) which shows that FPZ from the cohesive crack is over twice larger than the plastic process 
zone from the Dugdale (Dugdale, 1960) crack model for metals. Fracture energy is the energy that 
crack needs to develop during the fracture process in FPZ.  Hillerborg (Hillerborg et al., 1976) 
determined fracture energy for brittle material such as rocks, defined as the amount of energy 
absorbing per new formed unit crack area. Numerical analysis showed that energy density could be 
varied for cyclic and static loading, and this is why a sharp drop of energy density was seen in FPZ 
for static loading compared to the cyclic loading. This compression is shown in Figure 10. It should 
be noted that evaluation of fractures based on the plastic strain energy reduction has it advantage in 
those cases that LEFM is inapplicable due to the complexity of the fracturing process in rocks. 
According to the Figure 10 plastic energy dissipation for static loading is high as the crack advances 
in front of notch crack of CCNBD specimen; such that the magnitude of plastic energy for static 
loading is 7 times higher than the cyclic loading. This interesting achievement can be practically 
applied for rock cutting and other rock fragmentation or fracturing industries by considering cyclic 
loading rather than static loading. 
 
FPZ 
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Figure 10 Plastic strain energy in front of notch crack of CCNBD specimen under the cyclic 
and static loading in Mode I fracture toughness test 
 
For a given monsonite, CCNBD samples, numerical analyses have been conducted for cyclic and 
static loading and propagation of the fracture was obtained numerically.  
 
 
Figure 11 Density of microfracture in front of the notch crack at CCNBD models under the (a) 
static loading and (b) cyclic loading (numerical analysis). 
Based on the numerical results, it was revealed that magnitude of microfracture density in cyclic 
loading is greater than the static loading (more meshes separation and deformation occurred), which 
are in a good agreement with the laboratory experiment published by author (Ghamgosar et al., 2014, 
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In Press). Localisation of developing microfractures and accumulative damage process can be shown 
in the Figure 11 and 12. 
 
Figure 12 Failure pattern of CCNBD samples under the (a) static loading and (b) cyclic loading. 
In cyclic loading, fatigue mechanism helps to broad the FPZ extremes with small connected 
cracks while in the static loading sharp fracture was propagated through the CCNBD samples. Figure 
12 shows that other microfractures emerge by closing to the failure threshold in CCNBD samples 
under the both static and cyclic loadings.  
 
5.1 Microfracture studying in thin section analysis   
 
In general, fractures are located on grain edges, especially around small grain minerals 
(<1,0mm). On bigger crystals, there are some fractures through the mineral grain, but those 
transgranular fractures are restricted to the central portion of the rock sample. On the edges of the 
sample (border of the Brazilian test rock sample), the fractures are exclusively located around grains 
(intergranular fractures). Figure 13 and 14 illustrate intergranular and intragranular fractures under 
the cyclic loading.  
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
21 
 
Figure 13 Images of intergranular fracture (on the edge of minerals grains). All images on the 
left (a, c and e) with uncrossed polarisers; while and on right (b, d and fi images), with 
crossed polarisers. This type of fracture can be seen mainly on the edges of thin section 
(borders of rock sample used on Brazilian test) 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
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Figure 14 Several examples of fracture passing through minerals (transgranular fractures). On 
(a) and (b) one can observe a feldspar grain (Plagioclase) with a transgranular fracture, 
marked on red on the right image (crossed polarisers). On (c) and (d) an Augite 
(feldspar) clearly showing a transgranular fracture. Finally, on (e) and (f) a 
transgranular fracture passing through several crystals grains of feldspar, quartz and 
amphibole. All left images with uncrossed polarisers. This type of fracture can only be 
observed on the central part of the thin section, which are on the centre of the rock 
sample used on Brazilian test 
Based on the microscopic observation it has been found that microfracture and branching of 
subcritical fractures are related the fracture growth due to the greater amount of energy dissipation 
by along the FPZ zone. It was understood that fracture propagation pattern is a function of cyclic 
loading amplitude and frequency, however, with the same configuration of cyclic loading, stepped 
cyclic produces more microfracture and fatigue cracks compared to the continuous cyclic loading.  
6. Conclusions 
 
This study set out to investigate and evaluate the effect of cyclic and static loading on CCNBD 
samples and findings of this experimental and numerical studying enhanced our understanding of 
FPZ developing in different loading conditions. The CTscan results was successfully used to detect 
the microfracture and meso-fractures propagation in FPZ region and numerical models for assessing 
fracture patterns were in good agreements with the laboratory tests. The following conclusions can 
be drawn from this study: 
1. The standard approach of fracture toughness test (CCNBD) was performed for Cadia Valley 
monsonite and Brisbane CLEM7 tuff samples under the monotonic and cyclic loading and 
results showed that the size of FPZ in cyclic loading is larger than the monotonic loading 
due to the fatigue and emerging excessive microfractures and subcritical cracks. 
2. Compared to the proposed theoretical models for FPZ, it was found that actual sizes of the 
FPZ is smaller than the proposed models such as cohesive crack models. Since the real 
shape and size of the FPZ is depended to the loading nature and inhomogeneity in the rock 
sample, the experimental observation shows smaller dimensions for FPZ.  As the FPZ area 
can take a partial loading compared to the elastic region in front of the rock, therefore, type 
of loading and unloading is significantly important for unstable crack propagation around 
the crack tip. Numerical simulation determined that FPZ length is 1.8mm for monotonic 
loading whiles for cyclic loading it was obtained about 2.5mm. 
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3.  Numerical studying revealed that maximum tensile stress in FPZ region is greater at static 
loading than cyclic loading and therefore, cleavage and sharp edges fracture were observed 
for static loading. Crossed Polaroid techniques for thin sections samples showed that the 
transgranular fracturing dominate fracturing phenomena in the cyclic loading. Stress 
analysis along the CCNBD notch showed that in the monotonic loading there is sharp drop 
of tensile stress occurred by crossing from the FPZ to the elastic region in front of the notch 
crack, however, according the similar numerical analysis it was surprisingly found that this 
transaction was happen very smoothly in the cyclic loading.  
4. Considering the Schmidt model to determine the maximum extension of FPZ, it was 
calculated to take place at ߠ = 60°, however, laboratory experiments and multi-variation 
analysis showed that for monsonite sample this angle is smaller and is around 45°. 
5. CTscan observation enables some of the qualitative results captured from the FPZ under the 
cyclic and static loading. It was observed that subcritical and supplementary microfracture 
are trend to be extended by increasing the amplitude and frequency under the cyclic loading. 
6. The microcracking mechanism in rock was shown to be more complicated, however, based 
on the numerical model of plastic energy density it was found that energy yielding is so fast 
in monotonic loading. However, in the cyclic loading due to the new formed microfractures 
and irreversible damages in FPZ, reduction of the plastic energy density is occurred in a 
lower trend. This concept is governing the reduction of ultimate failure loading for the 
cyclic loading, which could be an interesting achievement for rock cutting and 
fragmentation industries.  
7. According to this study, FPZ depends to the nature of the cyclic loading and unstable crack 
propagations are effected by different amplitude and frequency levels. Different CTscan 
observations showed that by increasing amplitude and frequency, density of microfracture 
is increased emanate by nucleation of new microfracture in FPZ region.  
8. Further investigations have been conducted by thin section analyses of tested samples, and 
it was interestingly seen that cyclic loading associated with fatigue damage due to the 
progressive failure in the rock matrix. As a consequence of applying cyclic loading 
conjugated with the fatigue mechanism, more crushed grained and dust were found around 
the failure planes. However, in static loading, failure has been established by the particle 
breakage especially for hard and brittle grains. This phenomenon was investigated with the 
numerical modelling, CT scan and thin section image analysis.  
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Abstract 
Compared with other materials, most rocks generally fail in a brittle fashion rather than exhibiting 
yielding or purely plastic deformation. However, the initiation and coalescence of micro-cracks in 
the nonlinear region, known as the ‘fracture process zone’ (FPZ), are the primary reason for fracture 
propagation in rocks. Different elasticity-related models proposed for determining the features of the 
FPZ have not achieved an adequate understanding of its various fracture patterns. Based on previous 
experiments and numerical models, micro-crack density has been shown to be a function of loading 
history and to vary depending on whether the loading is monotonic or cyclic. The aim of the study 
reported here was to examine the different patterns of the FPZ under various types of cyclic loading 
and to quantitatively define damage and fracture patterns through the grains or rock matrix. 
Considerable laboratory testing was conducted, and fractured samples were investigated by 
computerised tomography scanning, supported by thin-section analysis. 
In the study, two different types of cyclic loading were tested: stepped and continuous. A diametral 
compressive loading was applied at predetermined amplitude and frequency with the continuous 
cyclic loading. The applied cyclic diametral compressive load was returned to the original level after 
each step, and at the next step, the amplitude started from zero, with stepped cyclic loading (SCL). 
An average 30% strength reduction was found due to the SCL and emergence of high micro-fracture 
density in the FPZ. We presume that hard rock breakage techniques will be improved, especially for 
rock-cutting technologies, such as drag bits and oscillating disc cutting, by understanding the effects 
of cyclic loading on rock strength. 
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1. Introduction 
The failure mechanism in most brittle materials such as rock and ceramics is the consequence of 
microfracturing in the fracture process zone (FPZ) [1-3]. Rocks are inhomogeneous at all scales and 
involve micro-, meso- and macro-fractures. Brittle failure takes place once the micro-fractures 
coalesce to form one or more macro-fractures, and this phenomenon follows five different stages: 
crack closure, elastic deformation, micro-fracture coalescence, unstable macro-cracks and ultimate 
failure [1]. Fracture toughness is a key parameter in characterising such brittle fracture, and is 
applicable to many practical engineering projects, such as rock slope stability, underground 
excavation, hydraulic fracturing, waste injection, rock cutting and fragmentation [5, 6]. Based on 
classical linear-elastic mechanics, three fundamental modes of brittle fracture can be applied to 
estimate the initiation of cracks in brittle materials. ‘Mode ܫ’ is pure tensile fracturing by the 
separation of the two faces of the fracture planes in the direction normal to the applied tensile stress. 
‘Mode ܫܫ’ is pure shear displacement by sliding in a plane perpendicular to the crack front [7]. ‘Mode 
ܫܫܫ’ is pure tearing by shearing-induced out-of-plane displacement. These three fundamental modes 
of fracturing are illustrated in Fig. 1 based on linear-elastic fracture mechanics (LEFM) [8]. 
 
Fig. 1 Three fundamental modes of rock fracturing: pure tensile, or Mode ܫ; pure shear, or Mode ܫܫ; 
and tearing, or Mode ܫܫܫ. 
‘Fracture toughness’ is the resistance to fracturing due to the shielding of the crack tip at the nonlinear 
zone that includes micro- and meso-cracks: the so-called FPZ illustrated in Fig. 2. In heterogeneous 
materials such as rocks, the fracture resistance is derived from the nonlinear zone of scattered micro- 
to macro-scale fractures and void formation around the crack tip [9]. Therefore, for heterogeneous 
materials, the fracturing energy function requires a more cautious approach to defining the nonlinear 
FPZ at the crack tip [10, 11]. The size of the FPZ encompasses all voids and micro-fractures and is 
thus essentially a property of a heterogeneous material [12]. To determine the shape and size of the 
FPZ, the size of the rock mass structure at the macro-scale and the maximum size of the mineral and 
grains present at the micro-scale must be determined. If the size of the FPZ is negligible compared 
with that of the rock structures, LEFM can be used. Otherwise, the failure mechanism must be 
determined based on the strength or yield criterion [7, 13]. Bažant (1984) [13] showed that the 
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essential material characteristic, the so-called active length of the FPZ, could be derived from the size 
effect law employed for developing fracture energy functions. 
 
Fig. 2 The fracture process zone (FPZ) involves features with nonlinear mechanical behaviour that 
concentrate at the front of the notched crack in a cracked chevron-notched Brazilian disc (CCNBD) 
specimen, comprising flaws and fractures of different scales (Ghamgosar and Erarslan 2015b) 
A key to better understanding the FPZ in rock is the accurate observation of fracture initiation and 
propagation through the rock matrix. Such measurements allow the indirect response of rock 
softening at the local load-displacement opening to be determined using crack-mouth opening 
displacement (CMOD) devices in laboratory studies [1, 15]. The accuracy of displacement 
measurement and determining the void volume in FPZ is limited with laboratory experiments. 
Therefore, computerised tomography (CT) scanning was used in this research to obtain an accurate 
and detailed evaluation for fracture propagation in FPZ under the different loading types [16]. The 
authors of this study [16] previously showed that the size of the FPZ extension in monotonic loading 
is smaller than that under cyclic loading, from which it can be seen that the size of FPZ is a function 
of loading type. As far as the authors of this study are aware, the literature reveals that few attempts 
have been made to investigate FPZ in rocks based on cyclic loading [8]. The size and the number of 
micro-fractures in FPZ under cyclic loading is higher than that under static loading [8]. There was a 
clear crushed region including small particles and dust in front of the chevron tip. However, no rock 
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chips (small particles) were observed at the crack surfaces of failed specimens under static loading. 
High micro and macrocrack density in front of the chevron tip shows a gradual separation of crack 
surfaces along the preferential path set up by microcracking. This damaged zone (FPZ) in front of the 
chevron tip is called the FPZ [1, 15]. Closer examination of the damaged cement would appear to 
indicate that a massive amount of loosened microcrystalline quartz minerals resulted from grain 
decohesion. Further, there is a clear grain boundary crack between the feldspar and cement. Similar 
to the fatigue damage in the cement, there were two fatigue damage mechanisms seen with grain-
related damage in FPZ: (1) intergranular cracks causing grain decohesion (a primary mechanism) and 
(2) intragranular cracks (a secondary mechanism) [1, 15]. Determination of FPZ size is difficult due 
to the inhomogeneity and anisotropy of rocks [7, 13]. The grain size effect on fracturing was proposed 
[17, 18] to investigate the fracture propagation in a brittle material as a function of fracture energy at 
the effective size of the FPZ [13]. According to the proposed effective grain size model, only the 
maximum loading needs to be measured for determination of FPZ size and fracturing energy. 
Fracture initiation and propagation in the FPZ cause the subcritical state of fracturing energy 
corresponding micro-plasticity, stress corrosion, emerging voids and crushed material [7,19]. FPZ 
formation is a slow progress that has a rate of 10ିଷ ݉/ݏ [7]. Some laboratory techniques 
recommended by American Standards for Testing Material International (ASTM) and International 
Society for Rock Mechanics (ISRM) are used to determine rock fracture toughness. A number of 
international standards used for the determination of rock fracture toughness are summarised in Table 
1. 
Table 1 Comparison of different standard tests for rock fracture toughness measurements 
Test method Fracture 
mode 
Sample preparation 
difficulty 
Loading type Testing 
difficulty 
SR (short rod) I Hard Tensile Complicated 
CB (chevron bend) I Quite hard Three-point 
bending 
Complicated 
CCNBD (cracked chevron-
notched Brazilian disc) 
I, II Quite hard Diametral 
compression 
Simple 
SNSCB (straight-notched 
semi-circular bending ) 
I, II Simple Three-point 
bending 
Simple 
PTS (punch through shear) II Very hard Tri-axial 
compression 
Complicated 
 
 
2. Experimental Set-Up 
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In LEFM, it is supposed that the crack will start to propagate due to the tensile-stress concentration 
[20-24]. LEFM states that the crack initiation begins at the tip of the chevron notch because of the 
high tensile-stress concentration at the crack tip. Among the various proposed methods to determine 
fracturing properties of rocks, the cracked chevron-notched Brazilian disc (CCNBD) test is widely 
used to measure the fracture toughness of rocks because of the ease of testing and sample preparation. 
CCNBD static loadings were performed in the study reported here with two different brittle rock 
types to determine fracture propagation under static loading. The stable fracturing initiated from the 
tip of a chevron notch in CCNBD specimens and propagated in a stable fashion outwards to the 
specimen edges [25]. 
CCNBD specimens were also used for stepped cyclic loading (SCL) and continuous cyclic loading 
(CCL). The dimensionless parameters of fracture toughness calculations were selected according to 
the valid range suggested by the ISRM [26]. Brisbane tuff and Cadia monzonite were tested under 
SCL and CCL. The Cadia Valley operation is one of the largest open-pit gold-copper mines in 
Australia, and the geology is characterised by a late Ordovician monzonite within the volcanic and 
sedimentary formations [27]. The other rock type used in this study was Brisbane tuff, the main rock 
type drilled from the Clem7 tunnel in Brisbane. The Clem7 tunnel was constructed in Brisbane 
welded volcanic tuff and Neranleigh-Fernvale phyllite formations and is the longest traffic tunnel in 
Australia [28]. A circular diamond saw of 40 mm diameter and 1 mm thickness was used to prepare 
specimens according to ISRM- recommended method [26]. The cutter movement alignment was 
adjustable in the x, y and z directions and could be tuned by a computerised device. The geometry 
and important character of a CCNBD sample is shown in Fig.3. 
 
Fig. 3 Cracked chevron-notched Brazilian disc specimen preparation with a computerised cutting tool 
for controlling cutter movement and specimen alignment 
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The determination of fracture toughness value is influenced by the dimensionless parameters 
depending on the CCNBD geometry. Therefore, all the dimensions need to be determined according 
to the ISRM recommended method. There are two important dimensional parameters in the CCNBD 
testing method: notched crack length, αଵ, and the ratio of specimen thickness to diameter, α୆. Both 
values must fall within the ranges outlined by the ISRM suggestion [26]. In the study reported here, 
the thickness of monzonite disc-shaped specimens, B, was 22.3 mm; the length of the inner half of 
the chevron crack notch, α଴, was 5.8 mm; and the length of the outer half of the chevron crack, αଵ 
selected 15.6 mm (Fig. 4). The thickness, initial chevron crack length and final chevron crack length 
of CCNBD tuff specimens were measured for B = 25 mm, α଴ = 8 mm and αଵ = 18 mm, respectively. 
CCNBD specimens have notch geometry enabling the monitoring of stable and unstable fracturing 
stages up to ultimate failure. Some of the prepared CCNBD specimens are shown in Fig. 4. 
 
Fig. 4 Some of the prepared cracked chevron-notched Brazilian disc specimens. (a) Brisbane tuff and 
(b) Cadia Valley monzonite 
Another advantage of using CCNBD specimens is that the need for the tedious specimen pre-cracking 
procedure is eliminated [29]. Moreover, by varying the embedded crack orientation with respect to 
the direction of applied diametrical loading, pure Mode ܫ, pure Mode ܫܫ or mixed Mode ܫ– ܫܫ loadings 
can be achieved. To apply diametrical cyclic loading, an Instron loading machine (Fig. 5a) with a 
capacity of ±150 kN (±25,000 kgf, ±56,000 lbf) was used [9, 16]. An Instron 2670-132 series CMOD 
gauge (Fig. 5b) was used to measure the crack-mouth displacement, for which the optimum length of 
travel was 4 mm. To measure crack-tip displacement in the FPZ (ASTM International 2009), a 10 
mm length of CMOD gauge was set up and mounted on a CCNBD specimen according to British 
Standard 5447 [30] and American Standard Test Method (ASTM) E399 [31,32]. CCNBD specimens 
were diametrically loaded under static and different cyclic loadings to investigate the influence of 
loading modes on fracture propagation. 
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Fig. 5 Experimental set-up for cyclic indirect tensile tests. (a) Instron cyclic compressive loading 
machine and (b) Instron crack-mouth opening displacement measuring gauge mounted on a cracked 
chevron-notched Brazilian disc specimen 
 
3. Experimental Results 
3.1 Results of Static Loading Tests 
To investigate mechanical properties and calculate tensile and compressive stresses for numerical 
assessment, standard uniaxial compressive strength (UCS) and Brazilian tensile strength (BTS) tests 
were conducted according to the ISRM suggestion [26]. The UCS and BTS tests were conducted 
initially because these are the most widely used mechanical tests performed for assessing rock-cutter 
performance (Fig. 6). The UCS results for monzonite show a variation between 81 MPa and 271 
MPa due to the slight difference in mineral composition. However, there was little aberration in the 
laboratory results for Brisbane tuff due to uniform mineral distribution. Table 2 summarises the UCS 
and BTS results for the monzonite and tuff specimens. CCNBD specimens were diametrically loaded, 
first under static loading and then different cyclic loadings. Diametral displacement was measured in 
the axial direction, and a 40 mm gauge length was used to record crack-mouth displacement at the 
chevron tip during the loading process (Fig. 5a and 5b). Another significant parameter in rock 
breakage is the brittleness index (BI), which measures the relative susceptibility of a material to two 
mechanical responses, deformation and fracturing. The determination of brittleness indexes is largely 
empirical and proposed based on stress–strain curves [33]; however, there is a simple index defined 
by the ratio of UCS to tensile strength [20, 21, 34], which was used in this study to calculate BI 
values. 
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The BI values show that both selected and tested rock types were brittle; therefore, due to the small 
deformations, plane-strain condition was valid for stress calculations. Another reason to select brittle 
rocks is that hard rocks are the most challenging subjects for rock-cutting industries due to the tool-
wearing and extra energy costs involved in rock breaking, especially for the oscillating disc cutting 
(ODC) technology. 
 
Fig. 6 Mechanical property determination tests for monzonite. (a) Brazilian indirect tensile strength 
test and (b) uniaxial compression test 
Average fracture toughness values under static loading were found: 1.35 ܯܲܽ√݉ and 1.80 ܯܲܽ√݉ 
for tuff and monzonite, respectively [35]. 
Table 2 Some mechanical characterisation results for tuff and monzonite rocks 
Rock type UCS (ܯܲܽ) BIT (ܯܲܽ) KIc (ܯܲܽ√݉) Brittleness 
index 
Brisbane tuff  Average 97 6.5–9.0 Average 1.35 10–14 
Cadia Valley monzonite  81–271 7.0–17.8 Average 1.80 11–15 
 
3.2 Results of Cyclic Loading Tests 
The literature mentions a few models of cyclic loading to investigate the fatigue properties of 
materials. Damage in the brittle material can be defined by the description of dissipated fracture 
energy required for the developing and propagation of micro-fractures in the FPZ. Fatigue life 
increases with frequency under cyclic loading, but the static strengths of rock are strain dependent. 
Therefore, the key factor in ODC technology is the cyclic action of disc cutters, and this is why 
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different types of cyclic loading were used in this study. ODC technology employs a conventional 
disc cutter superposition of vibrating forces on the rock undercutting action. The internal hydraulic 
drive of an oscillating disc cutter oscillates at low amplitude levels, which breaks a rock by initiating 
fatigue cracking. Experimental results of a study [35] showed that amplitude and frequency had a 
considerable influence on the tested rock under cyclic loadings. Different types of oscillation action 
employ an inertial mass to dampen the cutting forces by transmitting cutting forces to the excavation 
machine structure [36]. In cyclic loading, closed micro-fractures are permitted to reopen when the 
induced major normal stress on the crack surface is tensile and reach the critical level; however, this 
critical tensile stress is lower than tensile stress during previous cycles due to degradation of rock 
stiffness [14]. Other researchers performed simple sinusoidal cyclic loading with a fixed mean level 
of loading, which is known as ‘typical cyclic loading’ in fatigue mechanics [15]. 
Two different cyclic waveform loadings were carried out in this study to develop and investigate the 
comprehensive relationship between the ODC and the mechanism of rock fracture initiation and 
propagation. Proposed types of cyclic loading were assessed using Instron WaveMatrix software. In 
the first type, the ‘increasing SCL model’, the mean levels of applied forces for each cycle increased 
with the constant frequency. In this type of cyclic loading, the starting point of the first compressive 
waveform in a test sequence is set to the initial applied force (the starting point of the subsequent 
waveform is a loading sequence, which is set at zero but not for displacement), proceeds to a peak 
amplitude (+ or –), reverses to the opposite peak amplitude, then returns to the initial set point. 
However, in the second type of cyclic loading, ‘increasing CCL’, the cyclic waveform starts at the 
initial set point, proceeds to a peak, then reverses to the end of the last setpoint of the previous step. 
Figs 7 and 8 illustrate the difference between SCL and CCL loadings based on the proposed 
specifications for the loading set points. 
Different damage processes under the SCL and CCL loadings were investigated. To inquire into the 
fracture toughness reduction for monzonite and tuff specimens, CCNBD specimens were prepared 
and tested according to the ISRM suggestion. Laboratory experiments revealed that when a crack is 
loaded with increasing mean level, the nonlinear mechanical behaviour appears in the FPZ region 
conjugated with the micro-fracture subcritical growth. CMOD results were used to determine the 
force–displacement curve in the FPZ under the applied cyclic loadings. During the fracturing process, 
the majority of the inelastic strain energy is consumed by the grain and mineral breaking and the rest 
of the energy is converted to kinetic energy. 
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Fig. 7 Stepped cyclic–type loading. Cyclic loading is performed as part of the bipolar waveform (0° 
phase shifted) by returning amplitude to the original set point (zero force level) with a 1 s interval 
 
Fig. 8 Continuous cyclic–type loading. Cyclic loading is performed as part of the bipolar waveform 
(0° phase shifted) immediately transferred to the next cyclic loop without an interval time 
The cyclic mechanism in an oscillating disc cutter breaks rocks in a tensile mode rather than shear or 
tearing mode; therefore, the fundamental concepts of Mode ܫ fracture mechanics were considered for 
this type of failure that is produced by ODC [35]. Consequently, two different types of cyclic 
loading—namely, CCL and SCL—were undertaken to determine the maximum breakage for the 
selected rocks to optimise ODC performance for similar hard rocks. This was achieved by measuring 
 37 
the clear reduction of ultimate failure load, which resulted in different stiffness reductions under 
Mode I. One possible explanation for the reduction of ultimate failure load is that by unloading a 
CCNBD specimen under SCL, obvious stiffness softening takes place in the FPZ and results in more 
damage and irreversible deformations than under CCL. Based on the effective crack length model, 
constitutive models can explain absorbing and releasing strain energy in the FPZ for brittle materials 
such as rocks [37]. Therefore, it should be noted that the critical dimensions of micro-fractures are 
dependent on the energy absorbed/released in the FPZ. Once the specimen is unloaded, softening 
behaviour is observed and at this stage macroscopic cracks are extended by linking the adjacent 
micro-cracks ahead of the notch tip and a new extended FPZ can be achieved. Laboratory experiments 
showed up to 30% difference in ultimate failure loading by applying SCL compared with CCL, which 
can be determined from the force–displacement curves. The stored energy continues to increase in a 
rock specimen under continuous loading, while the energy is relaxed under SCL, and, ultimately, this 
energy relaxation causes excessive fatigue damage by emerging new micro-fractures and a new 
extended FPZ by developing ahead of the chevron tip. Fig. 9 shows the force versus displacement 
curves for stepped and continuous cyclic loadings applied to monzonite CCNBD specimens. 
 
Fig. 9 Different load–displacement curves for monzonite specimens under the applied stepped cyclic 
loading (SCL) and continuous cyclic loading (CCL) 
According to the load–displacement results, a large number of micro-fractures causes an 
accumulation of irreversible plastic deformation under SCL, which is associated with up to 30% 
reduction in the area under the load–displacement curve compared with under CCL. This 
phenomenon of strength reduction was investigated by performing SCL and CCL tests on tuff 
specimens to determine the influence of texture and grain size on the process of rock failure. 
Moreover, thin-section analysis was used corresponding to different fracture patterns in the FPZ for 
fine- and medium-grained rock types. The thin-section analysis revealed that the matrix of tuff 
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samples was generally homogeneous and fine-grained (mineral sizes <2.0 mm) compared with the 
monzonite specimens, which were medium grained (mineral sizes >2.5 mm); however, the force–
displacement curves for both rock types showed a similar trend. 
Interesting results were found for tuff specimens in terms of strength reduction under CCL and SCL 
that can be seen in Fig. 10. This comparison confirms that the FPZ can be increased in coarse-grained 
rocks, and this explains why tuff CMOD was recorded in smaller ranges than monzonite. The 
maximum CMOD recorded in monzonite specimens was 0.12 mm under CCL and 0.14 mm under 
SCL, while the maximum CMOD obtained for tuff specimens was 0.09 mm under SCL and 0.11 mm 
under CCL. 
 
Fig. 10 Different load-displacement curves for tuff specimens under the applied stepped cyclic 
loading (SCL) and continuous cyclic loading (CCL) 
The load–unload curves produced by the SCL and CCL loadings apparently confirm that less energy 
is required for breaking rocks under SCL than under CCL. Moreover, the results show that the slope 
of load–displacement curve decreased from 2% to 5% under SCL after each loading–unloading cycle. 
Supplementary study by CT scanning confirmed that the crack surfaces were significantly scattered 
under SCL compared with under CCL. It is clear from this experimental study that crack propagation 
velocity and, consequently, the amount of crushed grains can be varied based on the applied loading 
features. In addition, the fragment size analysis shows that SCL produced excessive damage within 
grains by producing cumulative subcritical cracks in the FPZ. 
 
3.3 Fragment Size Analysis 
Further laboratory experiments were performed to investigate the fragment sizes produced under SCL 
and CCL. The oscillating disc cutters produced chips of various sizes that were kidney shaped, mostly 
from the sides of the groove. There were also some small fragmented chips almost circular in shape 
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and a white powder that represented crushed powdery rock [36]. According to the observed shapes 
of rock fragments under SCL and CCL, the primary shape of the broken pieces was flat (maximum 
dimension >30mm) and the ratio of length to thickness was greater than 10. However, the small 
fragments that represented grain damage in the FPZ were found to be similar in shape, irrespective 
of rock type, and only associated with the applied cyclic loading. Moreover, experimental observation 
presents that under SCL and CCL, increasing or decreasing amplitude and frequency influenced the 
size and shape of the rock fragments. Figs 11 and 12 illustrate the results of the fragment size analysis 
under CCL and SCL: (Fig.11) monsonite fragmentation and grain size distribution under the cyclic 
loading with 1Hz frequency and 10% of Ultimate Tensile Strength (UTS) amplitude, and (Fig. 12) 
monsonite fragmentation and grain size distribution under the cyclic loading with 5Hz frequency and 
50% of UTS amplitude. 
 
Fig. 11  Fragment size gradation of tuff cracked chevron-notched Brazilian disc specimens tested 
under continuous cyclic loading (10% of UTS amplitude and 1Hz frequency)
 
Fig. 12  Fragment size gradation of tuff cracked chevron-notched Brazilian disc specimens tested 
under stepped cyclic loading (50% of UTS amplitude and 5Hz frequency) 
 
Rock failure can be described by different observation scales. However, micro-cracks initiated within 
the rock weak grains or flaws and propagate through the rock matrix, but the mechanical properties 
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of each rock structure depend on the interplay between molecular structure and stiffness. Bažant and 
Oh [38,39] proposed a model that was demonstrated by calculating the peak loads based on the 
observed size effects on notched and un-notched concrete and rock specimens using the tensile test. 
The experimental results in this study also show that the size of fragments depends on the strain 
energy accumulated in the specimen under the cyclic loading. The results presented in Figs 9 and 10 
suggest that fracturing strength decreases as loading and unloading delay increases, indicating that 
SCL yields high strain energy but a small FPZ dimension, while fragment sizes with CCL were found 
to be larger than those produced with SCL. Moreover, based on Griffith’s [40] inherent fracturing 
theory, any material contains a distribution of micro-cracks and flaws of various sizes and shapes. 
The activated flaws grow during loading application, with the number of flaws depending on the level 
of strain energy. 
To show the strong relationship between fracture density and crack sizes in the FPZ, particle size 
distribution (PSD) analysis was carried out, in association with the force–displacement curve 
analysis. Fragment size analysis confirmed that the strain energy transferred to the loaded specimens 
corresponded to the density of micro-fractures and the fracturing strength under the cyclic loadings. 
Previous experimental results showed that the maximum FPZ length was approximately 15 mm [14]. 
Therefore, only fragment sizes less than 16 mm were considered for PSD analysis [8]. According to 
the analysis, an average of 15.64% and 14.96% of fragments were obtained to monzonite and tuff 
specimens, respectively under CCL, with fragment sizes varying between 16.0 and 9.5 mm (Table 
3). 
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Table 3 Fragment size gradation analysis for cracked chevron-notched Brazilian disc specimens 
tested under continuous cyclic loading (CCL)  
 
On the contrary, for the same fragment size, 25.6% and 19.2% of crushed fragments passed through 
the same sieve orders by applying SCL for monzonite and tuff, respectively. Fragment size analysis 
proved that excessive micro-fractures and fatigue occurred under SCL, indicated by the larger amount 
of finely crushed fragments obtained under SCL than under CCL (Table 4). 
  
CCL 
Fragment sizes (mm) 
16.00
0 
9.500 6.700 4.750 2.360 1.700 1.180 0.850 0.075 
Percent passed (%) Repeti
tion 
Rock type 
1 
Monzonite 14.17 12.33 7.22 5.06 2.48 1.88 1.39 0.99 0.29 
Tuff 15.36 14.36 9.23 7.23 2.12 1.23 1.42 0.85 0.12 
2 
Monzonite 16.18 13.84 8.95 6.75 3.27 2.50 1.94 1.37 0.34 
Tuff 16.36 14.36 8.45 7.82 3.06 2.24 1.01 0.93 0.05 
3 
Monzonite 16.07 13.41 10.95 8.52 6.30 5.55 4.94 2.77 0.09 
Tuff 14.84 14.01 11.21 6.19 3.02 1.42 1.83 1.03 0.55 
4 
Monzonite 15.83 14.25 10.31 8.23 5.36 4.36 3.65 1.42 0.20 
Tuff 14.03 12.85 10.36 5.36 3.85 1.73 1.06 0.94 0.06 
5 
Monzonite 15.95 13.23 9.82 6.03 4.35 2.63 1.83 1.02 0.08 
Tuff 14.20 12.30 8.36 7.03 3.21 1.93 1.04 0.62 0.03 
Avg. 
Monzonite 15.64 13.41 9.45 6.92 4.35 3.38 2.75 1.51 0.20 
Tuff 14.96 13.58 9.52 6.73 3.05 1.71 1.27 0.87 0.16 
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Table 4 Fragment size gradation analysis for tested cracked chevron-notched Brazilian disc 
specimens under stepped cyclic loading (SCL) 
 
3.4 CT Scanning and Image-Processing Techniques 
The morphology of the FPZ in the tested CCNBD specimens was observed and studied with CT 
scanning for CCL and SCL. A 3D X-ray micro-focus CT scanning unit was used in this study to 
investigate and quantify the physical properties of the damaged zone: crack porosity (cracked 
volume/total volume) and crack density (number of cracks/݉݉ଷ). All rock specimens were tested at 
the University of Queensland, Julius Kruttschnitt Mineral Research Centre. The X-ray detector was 
a high-resolution digital X-ray camera detector system. The detector accumulates all the energy of 
the transmitted photons and provides numerical data used in constructing an image. For each head, 
1500 views of the sub-sample were taken over 360° rotation. Each sample was placed vertically 
within the scanner so that the X-ray intersected the sample perpendicular to the longitudinal axis. 
Once the scans were finished, the collected raw data (the series of rotational X-ray images) were 
reconstructed with an ultra-high-resolution, noise-reducing, filtered back projector. For the SkyScan 
1172, the X-ray micro-focus tube with 8 µm focal spot operates at 20–80 kV and 100 µA current, 
SCL 
Fragment sizes (mm) 
16.00
0 
9.500 6.700 4.750 2.360 1.700 1.180 0.850 0.075 
Percent passed (%) Repet
ition 
Rock Type 
1 
Monzonite 25.16 12.03 9.88 7.99 4.47 3.56 2.74 1.67 0.13 
Tuff 18.36 13.06 10.32 6.25 3.46 2.31 1.82 1.06 0.23 
2 
Monzonite 22.83 16.23 12.35 9.95 7.77 7.03 5.60 3.46 0.82 
Tuff 19.73 15.36 11.52 7.06 4.36 3.27 2.34 1.32 0.15 
3 
Monzonite 28.35 18.36 13.60 10.23 6.36 6.03 4.36 2.02 0.53 
Tuff 19.23 16.36 12.32 7.55 4.17 3.63 2.10 1.93 0.33 
4 
Monzonite 26.45 17.03 12.34 9.84 7.04 6.53 5.02 3.46 0.63 
Tuff 18.72 14.23 12.06 6.23 5.32 4.59 2.36 1.04 0.16 
5 
Monzonite 25.23 11.02 10.36 7.35 5.23 3.45 2.31 2.21 0.33 
Tuff 20.36 13.03 12.80 7.03 4.12 2.35 1.59 1.01 0.24 
Avg. 
Monzonite 25.60 14.93 11.71 9.07 6.17 5.32 4.01 2.56 0.49 
Tuff 19.28 14.41 11.80 6.82 4.29 3.23 2.04 1.27 0.22 
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while the source working at 20–100 kV and 0–250 µA has a 5 µm spot size. The special X-ray CCD 
camera is based on a 4000 × 2300 (10.0 megapixel), or 1280 × 1024 (1.3 megapixel) cooled CCD 
sensor with fibre-optic coupling to the X-ray scintillator. For the 10-megapixel camera, the X-ray 
shadow projections are digitized as 1000 × 575 to 8000 × 2300 pixels, with 4096 brightness gradations 
(12 bit). The reconstructed cross-sections have a 1000 × 1000 to 8000 × 8000–pixel (floating point) 
format. The pixel size is isotropic and continuously variable from 0.9 to 35 µm. To determine fracture 
porosity and visualise the FPZ micro-fracture density for two different types of cyclic loading, ImageJ 
open-source software was used. The ImageJ graphical interface was used for image processing of the 
CT scans and the results emphasised that excessive damage occurred in front of the crack tip with 
SCL and CCL. 
The CT-scan results indicate an apparent difference in FPZ morphology and the shape of the micro-
fracture distribution in the FPZ under static and cyclic loadings, as illustrated in Fig. 13. In previous 
experiments [4], it was shown that excessive damage associated with a high density of micro- and 
meso-fractures could be produced under cyclic loading (CCL) rather than static loading. Accordingly, 
due to the accurate characterising results, the CT-scan technique was also applied in the study 
reported here to evaluate different fracture propagation patterns under SCL and CCL.  
 
Fig. 13  Computed tomography–scan analysis under: (a) continuous cyclic loading and (b) static 
loading for cracked chevron-notched Brazilian disc monzonite specimens 
 
3.5 Thin-Section Analysis 
Some thin-section analyses were done on the failure surface of some tested CCNBD specimens by 
using the Polaroid light. Thin-section analysis for monzonite specimens revealed that most of the 
minerals in the monzonite samples were feldspars (plagioclase is the most common anortite and 
microcline), calcic (clinoamphibole; it was not possible to recognise whether it was Hornblende or 
actinolite), and finally quartz (between 5% and 40% of the total minerals). Brisbane tuff is formed by 
a mud mixture of precipitated steam and ash from the Triassic volcanic period. Observations in this 
study showed that the tuff contained fine glass particles and, therefore, could be classified as a rhyolite 
tuff with a porphyritic texture. In general, fractures were located on the grain edges, especially around 
the small-grain minerals (<1.0 mm). There were some fractures through the mineral grain on bigger 
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crystals, but those trans-granular fractures were restricted to the central portion of the rock sample. 
Numerous efforts have been made to determine the shape and dimensions of the FPZ under different 
cyclic loadings to understand the mechanism and pattern of fracture propagation in different rock 
types by using thin-section analysis. Fig. 14 presents an example of fractures passing through 
minerals (trans-granular fractures) in monzonite. Different crossed-polariser light investigations 
indicated that there was a very intensive fracture density and mineral crushing in front of the chevron 
notch in the tested specimens under SCL, while parallel clean fractures were associated with CCL. 
 
 
Fig. 14 Fractures in thin sections were exclusively distributed in the FPZ in front of the chevron tip. 
Very few micro-fractures are located in the FPZ under CCL (right image) and they include sharp and 
major bifurcation fractures. Fractures under SCL (left image) have blunted fracture edges and micro-
fractures and more meso-fracture bifurcation in the FPZ 
 
4. Discussion 
As discussed earlier, once the CCNBD specimens were subjected to SCL, excessive strain softening 
was obtained that was associated with strain energy, which was observed from the area under the 
force–CMOD curve. Particle size analysis of rock fragments revealed that the length of fractured 
pieces produced by SCL was larger than that produced by CCL. This indicates that a damage 
phenomenon can be separated into two broad categories: the first comprises the internal damage 
variables such as inhomogeneity index, flaw density, micro-fracture distribution, mineral dimension 
and mechanical properties, and the second comprises the external damage variables such as loading 
type and physical and environmental conditions. This study argues the importance of the external 
factors and demonstrates cyclic loading—SCL and CCL—influences rock fracturing. A comparison 
of the two loading types revealed a distinctly different crack-growing behaviour. In the case of the 
relatively large cracks under SCL, the maximum fragment size could be achieved with a smaller 
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fracture length. Gradation analysis showed that the maximum fragment size obtained under CCL was 
14.96% and 15.64% for tuff and monzonite, respectively. However, the maximum fragment size 
under SCL was 19.28% for tuff and 25.60% for monzonite (Figs 15 and 16).  
 
Fig. 15  Particle size distribution analysis results for cracked chevron-notched Brazilian disc 
monzonite specimens under continuous cyclic loading (CCL) 
 
 
Fig. 16  Particle size distribution analysis results for cracked chevron-notched Brazilian disc tuff 
specimens under continuous cyclic loading (CCL) 
This interesting finding reveals that maximum fragmentation could be achieved by applying SCL. 
Laboratory results indicated that more than 10% and up to 15% of the monzonite and tuff rock 
fragments were larger than 16 mm under the SCL, such that this loading type produced more 
fragments than CCL. SCL could play a significant role in the rock cutting and crushing industries by 
increasing the cutting productivity index via application of continuous step movement cutter bits. 
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Surprisingly, laboratory studies showed that the difference between SCL and CCL for fragments 
larger than 196 mm was almost negligible. An interesting and useful concept for expressing SCL is 
that effective rock breakage and the effective dimension of the FPZ can be determined based on the 
loading parameters. Further, for fragment sizes smaller than 1 mm, the percentage of observed 
fragments was similar for SCL and CCL (Figs 15 and 17). 
 
Fig. 17 Particle size distribution analysis results for cracked chevron-notched Brazilian disc 
monzonite specimens under stepped cyclic loading (SCL) 
These maximum and minimum percentages of passed fragments indicate the boundary of FPZ sizes 
for monzonite, which was found to vary between 1 and 16 mm for SCL, 1, and 28 mm for CCL in 
this study. Similarly, maximum and minimum FPZ dimensions were obtained in the ranges of 1–16 
mm and 1–22 mm for tuff specimens under SCL and CCL, respectively. This observation 
demonstrates that the dimension and shape of the FPZ is a function of applied loading properties, and, 
not surprisingly, Bažant [10], Bažant and Kazemi [13] showed that FPZ is a function of grain size 
and applied loading properties. An additional notable result of this study with respect to Bažant’s 
theory is that the appearance of and softening effect of micro-cracks are consequently greater on 
coarse-grained rocks than on fine-grained rocks. This interesting consequence can be realised by 
comparing Figs 15 and 16 with Figs 17 and 18. The outcomes of this study provide definitive evidence 
of excessive damage and rock softening under SCL, and it is believed that by employing SCL, the 
functionality of rock cutters can be improved by applying new mechanical movement to modify cutter 
productivity. 
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Fig. 18  Particle size distribution analysis of stepped cyclic loading (SCL) for cracked chevron-
notched Brazilian disc tuff specimens 
Measurement of fragment sizes is considerably important for rock cutting to determine the optimum 
size of rock chips. However, factorial analysis of previous study [16] showed that the optimum angle 
of the chevron notch in CCNBD specimens was achieved within the 45° that was proposed to enhance 
ODC performance. Moreover, in this research, the optimum length of the FPZ was determined to be 
between 1 and 14 mm for the tested rock types. The energy required to initiate and propagate fractures 
in the rock is proportional to the micro-fracture density; thus, altering the way that dynamic energy 
is conveyed to the rock will influence rock breakage. Comparison of two proposed cyclic loadings 
associated with the fragment size analysis revealed that the plastic strain energy consumed with SCL 
is 30% more than that with CCL for the same rock type. In other words, applying the SCL model will 
break the same rock using less energy than applying the CCL model. This significant and interesting 
result could improve the cutting process in ODC technology. Different patterns of fracture extension 
for SCL and CCL are shown in Figs 19 and 20. 
The CT-scan processed images for CCL indicated that the fraction of cracks or damaged areas were 
considerably parallel and contained notable major cracks, which were initiated in front of the chevron 
crack tip (Fig. 19). However, although there were few major fractures with SCL, excessive micro- 
and meso- fractures were propagated (Fig. 20). The image analysis—which involved a running count 
of selected pixels and determination of void density values—showed that the pixel values were 
clustered in a high-intensity fashion for SCL, whereas the highest intensity value for CCL was used 
by only a few of main fractures in the FPZ. Moreover, further image analysis revealed there was no 
specific difference between the effect of SCL and CCL outside the FPZ. 
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Fig. 19  Image processing of computerised tomography (CT)–scan results for cracked chevron-
notched Brazilian disc monzonite specimens tested under continuous cyclic loading. (a) Pixel image 
analysis of micro-fractures at the fracture process zone and (b) CT-scan results 
The processed images imply that different cyclic loadings have an effect only in the FPZ and in the 
direction of fracture propagation, and there is no evidence of loading influence on the region outside 
the FPZ. The image-processing results confirm that more cavity and flaws were produced with SCL 
than CCL by comparing the flattened and bumpy FPZ pixels around the chevron crack tip. In the 
processed images (Figs 19a and 20a), Gaussian distribution fitting technique produced an original 
grey level class of micro-tomographic images based on binary image segmentation. Fracture 
roughness is clearly more evident with the SCL model than with the CCL model, indicating that 
fracture roughness is also a function of loading and micro-structural fabrics or initial flaws. 
 
Fig. 20 Image processing of computerised tomography–scan results for tested cracked chevron-
notched Brazilian disc monzonite specimens under SCL. (a) Pixel image analysis of micro-fractures 
in the fracture process zone and (b) CT-scan results 
Another interpretation could be that SCL can produce shorter fractures leading to a maximised crack 
path deviation for brittle rock. Moreover, the image-processing results imply that unstable dynamic 
fracture propagation occurs in crack bifurcation, and this phenomenon reduces the fracture velocity 
by dissipating further energy. This observation on crack orientation and fracture plane cleavage shows 
that SCL forces the crack to be extended in a dome-shaped of the FPZ, while the FPZ develops 
parallel to the embedded crack direction in CCL, aligned with the maximum tensile-stress orientation 
(Figs 20 and 21). 
In this study, commercial ScanIP software was used to determine the void ratio of micro-fractures for 
the tested specimens. Statistical analysis of fractional segments was applied to calculate the number 
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of voids filled based on the segmentation algorithm by voxel analysis. ScanIP can measure the volume 
fraction results of the defined domain occupied by the micro-fractures in the FPZ for CCNBD 
specimens relating to different cyclic loadings. According to the threshold segmentation, all voids 
can be defined by various masks, and fracture fraction volume (FFV) can be measured depending on 
the micro-fracture emerging rate in the FPZ. 
The interaction threshold function simplifies this process by highlighting the regions of the selected 
segments in front of the chevron notch, as determined by CT-scan observation in the FPZ. Fig. 21 
illustrates the voxel analysis for segment elements in the FPZ by applying rock and fracture masks. 
In Fig. 21, there are 2,304,412 triangle segments: 1,355,680 indicating rock voxel masks and 948,732 
indicating fracture voxel masks. According to the ScanIP image-processing software, a voxel size of 
a created 3D image is equivalent to the pixel resolution of a 2D image, and for characterising fracture 
morphology at FPZ, a resolution of 600 PPI (pixels per inch) would directly correspond to a voxel 
size of 0.015 mm, which was desired for this study. However, the threshold-processing tool associated 
with the post-processing algorithm enables users to establish a precise microfracture scale or 
appropriate size of the voxel through the high-resolution CT-scan images. 
 
Fig. 21  Threshold mask segmentation technique for measuring the fracture fraction volume 
for a tested cracked chevron-notched Brazilian disc specimen (balck arrow indicats the tip 
of chevron crack) 
 
In general, micro-fractures start to nucleate at the weakest point in CCNBD specimens under induced 
tensile stress; that is, at the point where the chevron notch tip extends into the FPZ. It is expected to 
escalate different shape of FPZ dimensions prior to unstable macro-cracks coalescence based on the 
different applied loadings. According to the laboratory results, crack density increases with increasing 
load–unload level with SCL, the crack density is greater with SCL than with CCL. Micro-fractures 
appear as the higher-intensity pixels in the FPZ; as such, the threshold minimum range was applied 
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to consider all the micro-fractures associated with the fracture mask. Further, the profile line tool in 
ScanIP can be used to control the voxel selection in the FPZ. Tables 5 and 6 present the statistical 
results obtained from the image analysis of the tested specimens under the SCL and CCL. 
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Table 5 Micro-fracture surface voxel analysis and fracture fraction volume under continuous cyclic 
loading (CCL) 
Rock type and 
sample 
ID  
Statistical results of micro-fractures in the FPZ under CCL 
Voxel 
count 
Volume 
(mm³) 
Volume 
fraction of 
background 
(%) 
Surface area 
(mm²) 
Mean 
greyscale  
Tuff_CCL1 1,076,785 1.06E1 + 03 3.87 15.11E + 03 3.37E + 03 
Tuff_CCL2 1,603,105 1.58E + 03 5.76 22.17E + 03 3.56E + 03 
Tuff_CCL3 1,352,203 1.39E + 03 3.85 18.21E + 03 2.89E + 03 
Tuff_CCL4 1,345,852 1.41E + 03 3.78 17.41E + 03 3.01E + 03 
Tuff_CCL5 1,532,423 1.48E + 03 4.01 20.12E + 03 3.32E + 03 
Monzonite_CCL1 1,632,752 1.59E + 03 5.28 21.17E + 03 3.36E + 03 
Monzonite_CCL2 1,785,236 1.68E + 03 5.83 22.15E + 03 3.69E + 03 
Monzonite_CCL3 1,762,423 1.74E + 03 5.46 23.85E + 03 3.86E + 03 
Monzonite_CCL4 1,596,485 1.62E + 03 4.56 20.96E + 03 3.56E + 03 
Monzonite_CCL5 1,699,562 1.68E + 03 4.93 19.53E + 03 3.57E + 03 
 1The E stands for Exponent 
 
According to the statistical analysis results, the relaxation–unloading path for SCL leads to an 
increase in the FFV of micro-fractures corresponding to inelastic deformation and excessive 
accumulative damage in front of the chevron crack tip. Interestingly, the image analysis indicated that 
the micro-fracture fraction size depended on the loading and unloading paths. However, for different 
rock types, including different grain sizes and quartz contents, the density of micro-fractures might 
be varied. Generally, as shown in Figs 13–18, there was a 20%–35% difference in micro-fracture 
density between SCL and CCL. Further study to understand the role of different minerals with various 
properties is in progress. 
Table 6 Micro-fracture surface voxel analysis and fracture fraction volume under stepped cyclic 
loading (SCL) 
Rock Type and 
Sample 
ID  
Statistical results of micro-fractures in the FPZ under SCL 
Voxel 
count 
Volume 
(mm³) 
Volume 
fraction of 
background 
(%) 
Surface area 
(mm²) 
Mean 
greyscale  
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Tuff-SCL1 2,962,362 2.43E1 + 03 10.36 31.23E + 03 8.23E + 03 
Tuff-SCL2 3,203,145 2.45E + 03 11.23 23.63E + 03 9.21E + 03 
Tuff-SCL3 2,985,123 2.89E + 03 9.26 22.89E + 03 8.47E + 03 
Tuff-SCL4 2,86,402 2.98E + 03 9.89 28.36E + 03 8.36E + 03 
Tuff-SCL5 3,152,523 3.12E + 03 10.39 32.56E + 03 9.46E + 03 
Monzonite_SCL1 3,256,751 3.15E + 03 10.25 34.89E + 03 9.23E + 03 
Monzonite_SCL2 3,453,192 3.41E + 03 10.34 31.89E + 03 8.98E + 03 
Monzonite_SCL3 3,126,598 3.26E + 03 10.11 33.23E + 03 9.41E + 03 
Monzonite_SCL4 3,498,723 3.48E + 03 10.62 34.89E + 03 8.85E + 03 
Monzonite_SCL5 3,56,326 3.69E + 03 11.36 33.96E + 03 9.12E + 03 
1The E stands for Exponent 
These observations can be extensively used in real-world rock fracturing and cutting applications by 
applying different types of cyclic loading. Rock fragmentation is widely accepted as mainly a process 
of brittle fracture propagation, resulting in chip formation. According to the experimental and 
statistical analysis, fracture zone formation and fragment length are closely related to the stored strain 
energy and cumulative damage rate during the fracturing process. Considerable efforts have been 
made to classify fracture development through rocks, but the experimental results suggest LEFM—
or a single Griffith crack for pure Mode I—cannot account for the failure of a rock specimen under 
cyclic loading. It is also suggested that, when the main mechanism of failure starts from a single 
dislocated crack and extends through the FPZ, the micro-fracture volume may be the significant factor 
in the fracture propagation process. Figs 22 and 23 present the fracture fraction (%) versus failure 
loading (kN) for rocks tested under SCL and CCL.  
 
Fig. 22 Failure loading versus fracture fraction in the fracture process zone for the monzonite 
specimens under continuous cyclic loading (CCL) and stepped cyclic loading (SCL) 
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The results shown in Figs 22 and 23 indicate that fracture fraction is expected to be a function of the 
applied failure load associated with the applied frequencies and amplitudes under the applied cyclic 
loadings. Interestingly, although higher-magnitude applied failure loadings were recorded under CCL 
than under SCL, fracture fraction is almost threefold for SCL. One of the most remarkable 
consequences of applying SCL loading will be the ability to achieve high cutting performance in hard 
rock excavation without any rapid and violent rock crushing or bursting. 
 
Fig. 23 Failure loading versus fracture fraction in the fraction process zone for the tuff specimens 
under continuous cyclic loading (CCL) and stepped cyclic loading (SCL) 
Further, physical and mechanical models can be applied by implementing SCL along with the strain 
energy concepts and nonlinear damage mechanics. 
An energy-based model proposing how the stored energy (the hatched area between A, B and O’) for 
SCL was spent for the nucleation and propagation of new micro-fractures or degradation of rock 
stiffness is presented schematically in Fig. 24. According to the obtained laboratory results, the 
CMOD of CCNBD specimens for SCL was growth ∆ߝ(ܣᇱܤᇱതതതതതത) compared with the CCL. The maximum 
CMOD was measured as 1.23 and 2.42 mm for monzonite and tuff, respectively. As discussed earlier, 
a reduction of around 20%–30% in energy dissipation was achieved with SCL for both the monzonite 
and tuff specimens compared with under CCL. The average volume of fracture fraction for CCL was 
4.25% and 5.12% for tuff and monzonite, respectively. In contrast, the micro-FFV was 10.23% for 
tuff and 10.47% for monzonite under SCL. 
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Fig. 24 Proposed schematic energy dissipation model corresponding to the damage and accumulative 
plastic strain developed under stepped cyclic loading (SCL) and continuous cyclic loading (CCL) 
To date, little research has been carried out on ODC performance in rock cutting as far as the authors 
are aware. According to the experimental observations, a brittle cracking model was used to simulate 
rock fracturing with oscillating disc cutters [16]. The simulated fracturing results within this study 
reproduced following functionality of rock fragmentation under applied cyclic loading that should be 
governed by the following three main parameters: 
- applied loading specifications and features 
- physical and dimensional properties of rock minerals and grains 
- mechanical and inherent properties of rock specimens. 
The study reported here presents the energy reduction function (∆݂), which is related to the loading 
specification and physical and mechanical properties of the tested rock specimens under cyclic 
loading with laboratory experiments: 
∆݂ ൌ ݂(ܽ, ߱, ݀, ܳ, ܧ, ܭூ஼)  
∆݂ = energy reduction function under the cyclic loading (load-displacement curves) 
ܽ = cyclic amplitude function (function of amplitude and frequency) 
݀ = maximum grain size in rock sample (such as Bažant’s theory) 
ܳ = quartz contents in rock matrix (hardness value) 
ܧ = rock Young’s modulus (mechanical properties) 
ܭூ஼  = rock fracture toughness (Mode ܫ or mixed mode). 
 
Several interpretations of the size and the quartz content effect have been proposed, but most of the 
proposed models are phenomenological and do not attempt to describe the physical and mechanical 
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causes for rock fracturing under cyclic loading [10, 37, 41, 42]. As shown in this study, various rock 
types or anisotropy features could influence fracturing energy reduction by applying SCL and CCL, 
although the general phenomenon of the energy dissipation trend was similar for different rock types. 
Further analysis is underway by the authors to determine the crucial effects of the mentioned 
parameters along with a theoretical framework for various rock types and different loading spectrums. 
The study reported here focused on the micro-mechanical and micro-structural aspects of strength 
variation in macro-scale rock structures, because the final failure of rocks occurs through a process 
of interaction/coalescence among the many load-parallel or load-inclined tensile fractures generated 
by micro pre-existing cracks. The main aim of the study was to make a major contribution to the 
understanding of stress-induced micro-fracturing of rock under various loading conditions, static and 
dynamic, resulting in the degradation of the macro-scale strength, or possibly strain-hardening, of 
rocks. The unique combination of micro-structural and mineralogical analysis in this study to address 
fundamental questions concerning rock mechanics, rock strength and rock fracture mechanisms is 
expected to lead to breakthroughs in the understanding of the fundamental mechanisms of mechanical 
rock breakage in general. In particular, the obtained results would advance new and more energy-
efficient dynamic rock breakage methods such as the ODC technology, which uses rock fatigue 
damage principles. 
 
5. Conclusions 
A major and novel features of this research are summarised based on the studies comparing static and 
cyclic loadings for monzonite and tuff specimens. In this study, two types of cyclic loading—CCL 
and SCL—were performed to investigate the effect of various cyclic loadings on developing an FPZ 
related to the rock fracturing process. The frequencies for both models of cyclic loading were selected 
according to the typical dynamic loading ranges, but some specific loading and unloading amplitudes 
were applied according to the proposed cyclic loadings. CT-scan imaging was used along with image-
processing analysis to investigate fracture propagation patterns under two proposed types of cyclic 
loading. Moreover, fragment size analysis was performed to understand the role of the fragment size 
distribution of crushed and fractured rock minerals and segments in CCNBD specimens. The 
following conclusions are drawn from this study: 
1. Two different cyclic loadings, SCL and CCL, were conducted on CCNBD specimens and 
laboratory investigations showed that micro-fracture density and volume fraction are a 
function of loading–unloading paths. It was concluded that the loss of strength or stiffness in 
brittle rocks is the main characteristic feature of the FPZ due to excessive micro-fracture 
generation. Moreover, with an increase in loading–unloading offset, the fatigue process 
increases and results in emerging new micro-fractures by increasing the FPZ dimensions. SCL 
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was found to have contributed to producing more micro-fractures due to the massive energy 
loss compared with CCL. 
2. Rock fragmentation analysis was performed on tested specimens to measure the maximum 
size of the FPZ. The rock fragment sizes fluctuated between 1.18 and 6.7 mm for tuff under 
both cyclic loadings. In addition, for tuff specimens, the average percentage of passed 
fragments was between 1.59% and 12.8% in the FPZ for SCL and varied between 1.04% and 
8.36% for CCL. However, the maximum size of the fragments for monzonite was the same, 
0.84 mm, under both CCL and SCL, but the maximum size was 11.02 and 14.25 mm for SCL 
and CCL, respectively. SCL produced approximately 30% more crushed rock and rock 
fragments than CCL. 
3. Three-dimensional CT-scan image analysis was performed on a series of CCNBD specimens 
to determine fracture propagation and developing patterns in the FPZ. FPZ extension for SCL 
was found to be larger than for CCL. This implies that material stiffness and patterns of micro-
fractures can be described in detail by using a CT-scan technique, while observation with the 
naked eye could miss the role of micro-fracture propagation under the different loading 
circumstances. 
4. Image processing of CT-scan results in front of the chevron crack tips showed that the grey 
pixel distribution function was smoother and flatter under SCL than under CCL. This indicates 
that in SCL, a large number of pixels was missed due to the high density of micro-fractures, 
which typically are shown as white pixels. The image-processing results showed that the width 
of the FPZ in SCL is larger than in CCL; however, the length of fractures in SCL is smaller 
due to the subcritical crack and excessive fatigue mechanism. 
5. ScanIP software was used to calculate the volume of micro-fracture fractions and the surface 
of all induced fractures in the FPZ. Grey voxel statistical analysis showed excessive fatigue 
micro-fractures in the FPZ for SCL compared with CCL. A very clear difference was observed 
between CCL and SCL. The mean fraction volume of the CCL model was found to be 4.25% 
and 5.12% for tested tuff and monzonite specimens, respectively. Additionally, under SCL, a 
10.23% micro-FFV was determined for tuff and 10.47% for monzonite. This is a very 
significant finding for rock breakage and related fracture investigation prospects. 
6. Thin-section analysis proved that a high number of micro-fracture and greater amount of 
damage can be achieved by applying the SCL model. The Polaroid light investigation on thin 
sections of monzonite and tuff specimen FPZ showed that fracture edges with CCL are more 
parallel than with SCL. Under SCL, the bifurcation of fractures was determined an important 
cause. Moreover, with SCL, subtle micro-fractures were observed to follow a scatter pattern, 
which includes excessive dust and crushed fragments, in both tuff and monzonite rock types. 
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7. The unique combination of micro-structural and mineralogical analyses, which was 
undertaken to address fundamental questions concerning rock mechanics, rock strength and 
rock fracture mechanisms, is expected to lead to breakthroughs in understanding of the 
fundamental mechanisms of mechanical rock breakage, especially dynamic rock cutting. 
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Abstract 
Rock fracturing or breakage is a complex phenomenon that requires advanced and sophisticated 
techniques to predict fracture initiation and propagation under in-situ or induced stresses. There are 
some common physical rock properties affecting fracturing behaviour such as uniaxial strength, water 
content, dry density, porosity and temperature, etc. However, there are some other factors effective 
on fracturing behaviour and strength of rocks such as existing microstructures, anisotropy, grain size, 
different mineral compositions, pre-existing crack size, loading rate and confining pressure. The 
experimental research about studying fracture propagation of rocks under cyclic loading have not 
been done in literature much. Thus, this study presents the results of laboratory investigations of the 
fracturing behaviour of four different rock types: marble, monzonite, tuff and sandstone under cyclic 
loading. As the current theoretical and analytical models are mostly for the fracturing of brittle 
materials under monotonic loading, this study includes various and new experimental techniques to 
determine the characteristics of crack propagation in the Fracture Process Zone (FPZ) developed 
under cyclic loading. The Computerised Tomography (CT) scan technique is used for the first time 
in literature to capture the failure and fracturing in a FPZ of rocks tested dynamically. A graphical 
interface algorithm is then used to quantify empirically the volume density of microfractures in the 
FPZ. The outcomes showed that the surface of microfractures in a FPZ developed under cyclic 
loading is found rougher compared with the fracture surfaces in FPZ developed under monotonic 
loading. When compared with static rupture, the main difference with the cyclically loaded specimens 
was that intergranular cracks were formed due to particle breakage under cyclic loading, while smooth 
and bright cracks along cleavage planes were formed under static loading. It is believed that point 
contacts at grain boundaries are regions of stress concentration.  
 
Keywords: cyclic loading, Computerised Tomography (CT) scans, dynamic rock cutting, fracture 
process zone (FPZ), microfracture, rock fracture mechanics 
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1. Introduction 
Many brittle rocks, like other engineering materials, may contain several micro- and macrofractures. 
Some mechanical parameters, such as frictional angle and cohesion strength, are inherited, while 
others may be caused by engineering activities. The different orientations and distributions of 
microstructural geometry are the main causes of the anisotropy in rock. Overlapping of such micro- 
and macroscale inhomogeneity with the stress induced by engineering activity can cause rock 
behaviour to become more complex. Further, predicting failure load and pre-failure responses of rock 
to applied static and dynamic loading is a crucial aspect of rock mechanics. In the rock failure process, 
microcracks and natural flaws coalesce, causing failure criteria to become more complex and it is 
sometimes difficult to describe the actual fracturing process (Argatov and Nazarov, 2000). 
In Linear Elastic Fracture Mechanics (LEFM), a crack initiates and propagates when stress intensity 
factors at the crack tip reach a critical value (Atkinson and Avdis, 1980). However, rocks are not 
perfectly isotropic or homogeneous; they will always exhibit nonlinearity before and after ultimate 
failure (Ghamgosar et al., 2014a). Very brittle rocks tend to measure the amount of acoustic emissions 
before reaching ultimate failure; this may be an indirect way to detect fracture initiation and 
propagation prior to catastrophic breaking (Ghamgosar et al., 2014b; Kahlen and Alber, 2008). Such 
indirect methods enable the application of stress analysis in larger scale problems; however, they 
cannot explain the initiation or formation of cracks, and they cannot be used to detect propagation of 
fractures (Hillerborg et al., 1976). Thus, Nonlinear Elastic Fracture Mechanics (NLEFM) have been 
proposed to investigate the plastic behaviour of the Fracture Process Zone (FPZ) in rocks (Erarslan 
and Williams, 2012). Many empirical and theoretical approaches have been proposed in fracture 
mechanics, including stress intensity analysis (Atkinson and Meredith, 1987; McClintock and Walsh, 
1962), energy-based failure models (Bazant and Oh, 1985; Xie et al., 2011), cohesive crack models 
(Planas et al., 2003), the progressive microfracture model (Bazant and Oh, 1985; Eberhardt, 1998), 
and the isotropic and non-isotropic micro-damage model (Gambarotta and Lagomarsino, 1993). In 
all proposed models, fracture toughness is significantly influenced by initial cracks, natural flaws and 
microstructural properties (Morteza Ghamgosar et al., 2015; Grady and Kipp, 1979).  
Laboratory studies have shown a clear relationship between fracture toughness and microcrack 
density in brittle rocks (Nasseri et al., 2005). During the development of a crack in quasi-brittle 
material, the tip of the fracture propagates a plastic zone called the FPZ. The mechanical properties 
of rock, such as tensile and compressive strength, elastic modulus, fracture toughness, and loading 
condition, play a significant role in FPZ development. Unique crack initiation from a crack tip is the 
most common method used to study the fracturing behaviours of rocks and used for validation of 
theoretical and practical applications. The mechanical concepts of the FPZ in mining applications 
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have been investigated to accurately evaluate extension fractures from parting plane interfaces (Malan 
et al., 1994). A previous study theoretically obtained principal stress distribution for a solid disc rock 
based on the Griffith criterion, and it investigated the effect of a different arc of contact on indirect 
tensile strength (Mellor and Hawkes, 1971). Fracture toughness is the most important factor in 
evaluating fracturing behaviour and is used to characterise rock resistance against fracturing. The 
most appropriate experimental methods describe the propagation of a crack under static failure; 
however, few attempts have been made to describe cracks that develop under cyclic loading (Morteza 
Ghamgosar et al., 2015). Studies of developing fractures under static loading have shown that fracture 
toughness could be independent of the loading rate, whereas it is affected by amplitude and frequency 
under cyclic loading (M Ghamgosar et al., 2015; Morteza Ghamgosar et al., 2015).  
A brittle crack is defined as any separation in the rock body that has one dimension (i.e., in horizontal 
axes) propagated smaller than one-third of the other dimensions (i.e., in vertical axes), which is 
typically a width-to-length ratio of between 10−3 and 10−5 for most types of rock (Kranz, 1983; 
Simmons and Richter, 1976). Different laboratory techniques have been used to determine 
microfracture processing in brittle rocks (Tullis and Tullis, 1986). The morphology of microfractures 
is defined in two ways based on the connection of microfractures to the boundary of grains. If cracks 
are exposed totally within the grain, ‘intergranular’ or ‘intercrystalline’ cracks emerge, whereas 
cracks that grow from one-grain boundary across to another grain boundary are called ‘transgranular’ 
microfractures (Simmons and Richter, 1976). Temperature and higher confining pressure are also 
associated with induced and stressed microfractures, which cause dislocations in nucleating 
microfractures and influence rock fracturing behaviour (Ghamgosar et al., 2014b). Fig. 1(a) illustrates 
the morphology of microfracture terms in front of the chevron crack in the Cracked Chevron Notched 
Brazilian Disc (CCNBD) test (Ghamgosar and Erarslan, 2016). The morphology and developing the 
shape of the FPZ in the experimental model (Fig. 1(a)) can be explained based on LEFM concepts 
(Fig. 1 (b)); however, the actual size and model of the FPZ is very different from current theoretical 
models in the literature. Further, little attention has been paid to quantifying the microfractures 
development in the FPZ of rock. 
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Fig. 1 FPZ microfracture morphology in (a) tested CCNBD sample and (b) theoretical concept of the 
FPZ 
 
Current standard testing methods only rely on descriptions based on the observation of macrofractures 
(fractures that occur at the ultimate failure stage; Fig. 1(b)), and they provide insufficient information 
about mesocracks (merged microcracks in Fig. 1 (a)) and microcracks (scanned by X-ray). A plastic 
zone develops in the FPZ contains micro-void defects such that theoretical model (Fig. 1 (b)) becomes 
inaccurate for prediction FPZ model. The size of the plastic zone (𝑟) is determined theoretically using 
Irwin’s (1968) model. The maximum size of the FPZ’s length can be obtained at 𝜃 = 60°, while the 
actual direction of the maximum FPZ’s length is less than 𝜃 = 60°, as shown in Fig. 1(a). This 
obvious disparity means that microfracturing effect must be considered in fracture mechanics studies. 
Macroscopic fracturing occurs when tensile stress reaches its critical level, and a new FPZ can 
develop at this time. In theoretical models, the FPZ is seen to be independent of the crack under the 
plane stress, while it is related to the plane strain conditions. Using a CCNBD sample enables the test 
to be conducted under a plane strain condition, and appropriate thickness of the CCNBD specimen 
allows cracks to propagate through the stable condition until ultimate failure occurs. Laboratory 
results have shown that fracture toughness is nearly independent of specimen thickness in granite 
rock (Schmidt, 1980). Thus, the elastic solution can also be used for a fracture toughness test if rocks 
are homogenous and the plane strain condition is the dominant condition. The onset of microfractures 
has a significant effect on the macrofractures behaviour of rocks due to the deterioration of elastic 
properties, induced mineral anisotropy, volume dilatation and plastic strain. Experimental works have 
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been conducted on an inclined crack angle and multiple fractures to measure the stress or strain 
behaviour of loaded rock regarding the simple theoretical model of homogeneous rock specimens’ 
Griffith cracks (Bobet and Einstein, 1998; Hoek, 1968; Horii and Nemat-Nasser, 1985; Sammis and 
Ashby, 1986; Wong et al., 2001). 
Most failure criteria and theoretical models predict the ultimate failure of rock, but this does not 
describe the microfracture developing in the FPZ. The experimental methodology in this research 
proposes an accurate and actual observation of microfracture propagation in the FPZ. The 
methodology can be used in many concepts of fracture studies in rock mechanics. 
2. Experimental Study 
2.1 Sample Preparation 
Rocks are weak materials under tension; thus, most laboratory experiments have focused on creating 
a standard test based on the Mode I (tensile mode) testing method, which is outlined by the 
International Society for Rock Mechanics (ISRM) and the American Society for Testing and 
Materials (ASTM). However, the shear strength (fracture toughness) represented by Mode II may be 
of great significance for other rock mechanics practices. The Cracked Chevron Notched Brazilian 
Disc (CCNBD) specimens were used in this study with both the static and cyclic tests. The CCNBD 
geometry dimensions were selected according to the guidelines recommended by the ISRM to attain 
valid results. The chevron notch causes crack propagation to start at the tip of the V alignment and to 
proceed radially outwards in a stable fashion until the point at which the fracture toughness is 
calculated (Erarslan and Williams, 2012). A circular 40 mm diamond saw was used to cut the required 
notch. A specially designed jig recommended by the ISRM was used to ensure that the chevron 
notches were exactly in the centre of the disc (Fig.2). WaveMatrix™ software with a six-channel data 
logger system was employed to apply cyclic loading. All samples were diametrically loaded to induce 
indirect tensile fracturing under static and cyclic loading (the chevron inclination angle was 0°). 
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Fig. 2 Experimental setup and loading direction on a CCNBD specimen (left) and dimensionless 
parameters of a standard CCNBD specimen (right) 
 
In this standard test, 𝑎0 and 𝑎1 were the initial and final chevron notch lengths, respectively. In Fig. 
2, the specimen width is shown by 𝐵 (CCNBD thickness), while 𝑅 (CCNBD radius) is the sample 
radius. All dimensions had to be satisfied by a configuration given by the ISRM to achieve consistent 
results and be used for comparison purposes. Three important dimensionless parameters for the 
CCNBD test area were: 𝛼0, the dimensionless initial chevron crack length (𝑎0 𝑅⁄ ); 𝛼1, the 
dimensionless final chevron crack length (𝑎1 𝑅⁄ ); and 𝛼𝐵 = (𝐵 𝑅⁄ ). This study selected four types of 
rock to be used for the fracture toughness test: Brisbane tuff, sandstone, marble and Cadia Valley 
monzonite. Dimensionless parameters for testing materials are summarised in Table 1 for all samples. 
To provide a representative sample, the thickness had to be greater than 10-grain diameter, which 
was determined for all rock types. Thin section analysis revealed that the average grain diameters of 
the tested samples were 3.2 mm, 3.4 mm, 2.6 mm and 3.5 mm for sandstone, monzonite, tuff and 
marble, respectively. 
Table 1 Dimensionless parameters of CCNBD specimens for the tested rocks  
Sample α0  α1 αB  u v Ymin 
Monzonite 1 0.27±0.02 0.788±0.00 0.90±0.04 0.264±0.01 1.736±0.03 1.038±0.02 
       
Tuff  0.302±0.06 0.726±0.02 0.996±0.03 0.266±0.01 1.732±0.01 0.94±0.04 
       
Marble 1 0.25±0.04 0.74±0.06 0.84±0.06 0.25±0.03 1.63±0.05 0.97±0.08 
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Sandstone 1 0.26±0.03 0.75±0.03 0.85±0.05 0.25±0.02 1.64±0.05 0.98±0.06 
       
 
The thickness of the monzonite disc-shaped samples, 𝐵, was 22.3 mm, the inner chevron notched 
crack half length, 𝑎0, was 5.8 mm, and the outer chevron notched crack half length, 𝑎1, was 15.6 mm 
(some prepared CCNBD samples are shown in Fig. 4.). The geometrical dimensions of the tuff and 
sandstone specimens were measured for 𝐵 = 25 mm, 𝑎0 = 8 mm and 𝑎1 = 18 mm. The minimum 
thickness of the CCNBD specimens was set in a standard term (outlined by ISRM) by considering 
the largest grain size. All specimen geometries used in this research were in the valid ranges indicated 
by ISRM as shown in Fig 3. Other selections of specimen geometrical dimensions are possible, but 
in order to have a valid test, the selected dimensions for initial notched crack length (𝑎1) and 
dimensionless αB must fall within the range outlined in Fig.3.  
 
Fig. 3 Valid range for different geometries of prepared CCNBD samples based on the dimensionless 
parameters outlined by ISRM standards 
 
The most critical requirement for the CCNBD specimens was that the specimens’ surface at the 
contact point with the loading machine should be sensibly free from bumps and waviness to prevent 
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stress being concentrated at the contact points. To date, few studies have investigated the fracture 
morphology of the FPZ region under the cyclic loading test by considering direct observations for 
microscale fracturing (Schmidt, 1980; Shah and McGarry, 1971). Further, the interaction of pre-
existing microfractures during the loading produces new tensile fractures, which the experimental 
methodology presented in this study addresses these fracturing issues in rocks. In conclusion, grain 
size and distribution of microfractures in a FPZ must be considered more in rock fracturing studies. 
 
2.2 Static and Cyclic Loading Tests 
In this study, sandstone, monzonite, tuff and marble samples were tested under static and cyclic tests 
by applying diametrical compressive loading. In the fracture toughness tests, the CCNBD specimens 
were used as a feasible alternative to the direct tensile test. All CCNBD samples were tested by using 
an Instron servo-control compression machine to apply static and cyclic loading (Fig. 4). An Instron 
loading machine (8841 series) with a load cell capacity of ± 50 kN (+/- 25,000 kgf, +/- 56,000 lbf) 
was used to apply diametrical static and cyclic loadings [19-20]. An Instron 2670-132 series crack 
mouth opening displacement (CMOD) gauge (Fig. 4e) was used to measure crack mouth 
displacement (optimum length of travel is 4 mm). The length of the CMOD gauge was 10 mm, which 
was set up and mounted for the CCNBD specimen according to the British Standard (BS 5447) and 
American Standard Test Method (ASTM E399). 
 
Fig. 4 Some prepared CCNBD samples: (a) monzonite, (b) marble, (c) tuff, (d) sandstone and (e) 
Instron cyclic machine with a mounted CMOD gauge 
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The CCNBD specimens were tested by applying different cyclic and static loadings to investigate 
possible differences between the fracture propagation modes under cyclic and static loadings. In static 
loading tests, all CCNBD specimens were tested under diametric compressive loading controlled by 
a displacement control gauge. In static experiments, cracks are initiated and usually propagated with 
a clear failure surface at the centre of specimen and are suitable for overall crack analysis. However, 
initiations and propagations of microfractures under cyclic loading is not similar to the static test 
results, and a wider fracture zone was observed in tested specimens. Detailed tomography 
examinations were made on the microfracture morphology at the FPZ region in the specimens tested 
both under static and cyclic loading to determine the loading type causing maximum damage and 
fracture occurred. Given that the fracture responses of rocks and new technologies such as Oscillating 
Disc Cutter (ODC) has received considerable attention in recent years, the outcomes of this study is 
believed to improve the rock cutting technologies used in rock engineering applications 
(Buckingham, 1914; M Ghamgosar et al., 2015; Unger, 1964). 
 
3. Experimental Results 
3.1 Static and Cyclic Tests 
Four different rock types were tested under static and cyclic loading conditions to study the fracture 
propagation and morphology of damaged surfaces in the FPZ. Table 2 presents the maximum-
recorded failure load and maximum CMOD values obtained from the static and Continuous Cyclic 
Loadings (CCL) tests. 
Table 2 Static and Continuous Cyclic Loading (CCL) test results of four different rock types  
  
  Sandstone Monzonite Tuff Marble 
  Static CCL  SCL Static  CCL SCL Static CCL SCL Static CCL SCL 
Failure 
load (kN) 
Average 3.53 1.96 1.78 6.51 5.32 4.74 4.8 3.89 3.21 4.02 2.32 1.24 
Standard 
deviation 
0.34 0.43 0.94 0.67 0.95 1.23 0.23 0.35 1.12 0.55 0.87 0.98 
Maximum 
CMOD 
(mm) 
Average 0.12 0.65 0.84 0.08 0.15 0.21 0.12 0.24 0.26 0.23 0.29 0.39 
Standard 
deviation 
0.011 0.021 0.024 0.012 0.034 0.031 0.018 0.012 0.018 0.024 0.036 0.094 
 
The loading rate for the static tests was selected 0.2 kN/s for monzonite and tuff specimens and 0.1 
kN/s for sandstone and marble specimens, as suggested by ISRM. Figure 5 illustrates load-CMOD 
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relationship with the cyclic and static tests. The ultimate strength values with the static tests are higher 
than the results obtained with the cyclic tests (e.g., the static failure load is 6.02 kN and the cyclic 
load is 5.32 kN for monzonite specimens). In addition, excessive displacement was measured with 
the cyclic loading compared to the CMOD results for the static tests (e.g., for monzonite, 0.38 mm of 
CMOD was recorded for the static test, and 0.57 mm was recorded for cyclic).  
 
Fig. 5 Load-CMOD relationship with the cyclic and static tests for the monzonite specimens.  
 
Instron 8800 series machine equipped with a fast tracking system was used for conducting a precise 
testing. The fast tracking console provides visual communication between the loading control 
functions and user controlling options. Moreover, the fast tracking system provides multiple 
controlling interfaces such that graphical control panels are available in a single data window 
(contains time and desired parameters) or in a multiple data screen (mixed mode of data control, i.e. 
load versus time, displacement), which integrated to display the summary of the testing results during 
the testing process. The WaveMatrix™ dynamic testing software was used to perform a wide range 
of the cyclic tests (also preferable for conducting dynamic, fatigue and quasi-static tests. The software 
is capable to support 24 channels at the same time and can control various loading types such as 
sinusoidal, square, triangle, trapezoidal, and the combinations of hold-ramp function facilitated by 
user defined turning points and data recording display modes. In this study, three different cyclic 
loadings were designed and performed on the CCNBD specimens; Stepped Cyclic Loading (SCL), 
and Continuous Cyclic Loading (CCL (Fig. 6)).  
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Fig. 6 Cyclic-loading types created by WaveMatrix™ interface: (a) Stepped Cyclic Loading (SCL) 
(b) Continuous Cyclic Loading 
 
SCL and CCL loads were defined as a combination of three loading levels in WaveMatrix™, which 
they are a new type of cyclic loading. The loading test should start with an initial ramp step from the 
original position to the desired amplitude of the cyclic loading and continued by a sinusoidal cyclic 
loading, and afterwards, a trapezoidal step returns the current cyclic load to the original (SCL), or to 
the particular level of compressive load (CCL). For all cyclic tests, amplitude was set at 50% of 
ultimate tensile strength, and frequency selected 1 Hz, to keep the consistency of the results for the 
comparing purposes (Fig. 6). 
Compared to the values obtained for static and cyclic failures of soft rocks (sandstone in this 
experiment) and hard rocks (monzonite and tuff), it was revealed that the difference between the static 
and cyclic failure loads was almost 40%, while for brittle rocks it was around 20%. This indicates 
that softer and ductile materials are more sensitive to the loading condition compared to brittle and 
hard rocks. Therefore, more caution is required when performing the fracture toughness test for the 
ductile rock type.  
Experimental observations showed that cyclic loading produces extreme damage in rocks that contain 
interlocked coarse grains. Crack mouth displacement results showed little change for brittle 
specimens (marble, tuff and monzonite) under cyclic and static loading compared to soft types of 
sandstones (Table 2). One explanation could be the higher stress concentration in the grains boundary 
and excessive shear movement between the grains and bounded grains. Thus, it can be concluded that 
rock stiffness and grain size are controlling factors in the fracturing response of rock, and must be 
considered in fracture analysis. The fatigue or cyclic strength of rock is sensitive to the factors of 
grain size and stiffness, which are discussed in this study. Maximum CMOD for marble was 0.29 mm 
under cyclic loading and 0.23 mm under static loading, while CMOD for sandstone was 0.65 mm and 
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0.12 mm under cyclic and static loadings, respectively. More detailed image analysis indicated that 
grain size influences microfracture density at the FPZ when intergranular fracturing occurs under 
cyclic loading. Experimental evidence has shown that an excessive number of micro-cracks occurred 
under cyclic loading, which implies that fracture density increases in the FPZ under cyclic loading 
(Alehossein and Hood, 1999; Ghamgosar and Erarslan, 2016). The outcomes of this study have been 
proposed for developing a new cutting technology such as ODC to break hard rocks by using less 
energy compared with conditional hard rock cutting.  
 
3.2 Microfracture Morphological Analysis 
This study undertook a series of cyclic and static loading tests to investigate the correlation between 
rock grain size and fracturing properties by employing Computerised Tomography (CT) scan analysis 
and image analysis techniques. The image process involved capturing black and white pixels of the 
desired area in the rock specimens, and the image acquisition process was assembled in ScanIP to 
generate a voxel function for statistical and post-failure image analysis. In the CT scan, X-ray-
captured image data were acquired using a fully controlled and multistate optical system that rapidly 
captured a tomographic picture of the rock comprising all microfractures. The rock testing 
experiments with CCNBD specimens were done at the University of Queensland, and the CT scan 
image tests were conducted at the Julius Kruttschnitt Mineral Research Centre. The X-ray detector is 
a high-resolution digital X-ray detecting system. The detector accumulates all of the energy of the 
transmitted photons and provides numerical data to reconstruct an image. For each set of the scanning 
process, 1,500 image records of specimens were taken over a 360° rotation. Each sample was placed 
vertically (Fig. 7) in the X-ray scanner to record more information along the chevron crack direction. 
Once the scans were completed, the collected raw data (series of rotational X-ray images) were 
reconstructed with an ultra-high-resolution, noise reducing, filtered-back projection. For the SkyScan 
1172, the microfocus X-ray tube with 8 µm focal spot operated at 20–80 kV and 100 µA current, 
while the source working at 20–100 kV and 0–250 µA had a 5 µm spot size. The special X-ray 
charge-coupled device (CCD) camera was based on a 4,000 × 2,300 (10 Mp) or 1,280 × 1,024 
(1.3 Mp) cooled CCD sensor with fibre optic coupling to the X-ray scintillator. For the 10 Mp camera, 
the X-ray shadow projections were digitised as 1,000 × 575 to 8,000 × 2,300 pixels with 4,096 
brightness gradations (12 bit). The reconstructed cross-sections had a 1,000 × 1,000 to 8,000 × 8,000 
pixel (floating-point) format. The pixel size was similar for all samples and was continuously variable 
from 0.9 to 35 µm, and the minimum size of the pixels was selected based on the smallest size of 
grains of the rock specimens.  
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The microfracture density in the FPZ region of the tested specimens was analysed by using 3D digital 
image processing and voxel analysis. After the rock sample was tested under static and cyclic loading, 
X-ray tomography analysis were conducted with digital scanning through the sample, and then the 
digital images were incorporated into the ScanIP software to determine the density of the 
microfractures and the direction of crack distribution in the FPZ. For image processing, several filters 
were applied to enhance the quality of the segmentation for microcracks in the FPZ. A recursive 
Gaussian filter was typically applied to reduce image noise associated with blurring techniques. 
Another advanced filter—the CT image stabiliser—was used to remove translational and rotational 
shift between the neighbouring slices in the 3D images (Fig. 7). Initiation threshold stress was already 
determined with the fracture toughness tests, at which the inelastic axial and lateral strains increase 
accumulatively. Image analysis employs grey-scale coding that provides mathematical morphology 
to reproduce digital images. This reconstruction image is well known as binary coding, and it simply 
extracts image components for any analysis. In this research, the grey-scale value was used to measure 
fracture morphology in the FPZ developed under various loading conditions. This experimental 
methodology can be used in the application of any fracture mechanics applications, and it is useful 
for binary segmentation analysis for the most complicated fracturing problems, such as studying 
microfractures in a FPZ occurred due to blasting and hydraulic fracturing. 
 
Fig. 7 Internal crack growth at the tip of chevron crack along the major axial compressive loading: 
(a) 3D CT scan image (no information about microfracture quantity and size of crack length) and (b) 
3D voxel digitised image 
 
The image analysis provided comparable continuous and homogeneous data in the FPZ region to 
assess mechanical damage developed under the applied loading. After a certain loading, the rock 
specimen undergoes irreversible deformation caused by the internal damage mechanism. However, 
explaining this internal damage mechanism under a dynamic type loading is not an easy issue.  
Therefore, the image processing approach used in this study to investigate the damage models of 
brittle rocks directly depending on the applied loading conditions. The obtained results are used as 
input data for the further analysis described in the following sections.  
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4. FPZ Developed in Tested Rocks 
FPZ is drawn up in a rock specimen by the initiation and coalescence of microfractures at the tip of 
the main crack due to the nonlinear behaviour of rocks. There is no a specific solution or an accepted 
theory to describe the size and shape of the FPZ in rocks; however, elastic methods can be used to 
estimate the plastic zone around the crack tip. Fracture toughness is an important parameter used in 
most models referring to rock fracture properties and particle resistance to the fracturing process. 
Schmidt (1980) (Schmidt, 1980) suggested the maximum tensile stress 𝜎𝑡 criterion to describe the 
shape of the FPZ and its extension in rocks, as given by: 
 
𝑟(𝜃) =
1
2𝜋
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𝜎𝑡
)
2
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𝜃
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𝜃
2
|)
2
       (1) 
 
where 𝐾𝐼 is the stress concentration factor and 𝑟 and 𝜃 are components of the polar coordinate. In this 
criterion, the role of inhomogeneity is not considered; thus, the crack extension amount must be 
identical under plane stress–strain conditions. The maximum length of the FPZ can be obtained 
at 60°; however, stress is not distributed uniformly for inhomogeneous cases. Although the 
theoretical methods used to estimate the maximum length of the FPZ, the experimental results 
indicated that the actual length of the FPZ is smaller than the results obtained from Eq. (1) (Atkinson 
and Avdis, 1980). The CMOD gauge in this research captured the length of the crack tip opening. 
Based on the linear elastic solutions and the maximum normal stress criterion, the maximum size of 
the FPZ extension can be found at 𝜃 = 60° by employing the maximum tensile stress criterion as: 
𝑟(𝜃 = 60°) = 0.269 (
𝐾𝐼
𝜎𝑡
)
2
         (2) 
Eq. (2) implies that the fracture toughness value or even fracture extension amount is not influenced 
by the sample thickness in the elastic solution due to plain strain conditions; thus, it can be used in an 
estimation approach. In cohesive fracture models, the material in the FPZ is partially damaged due to 
a small amount of stress distribution ahead of the crack tip, which can be used to describe nonlinear 
deformation in rocks. Developing the FPZ is considered once the tensile stress reaches the critical 
value (failure stress) and the corresponding crack tip opening at the FPZ are zero (Schmidt, 1980; 
Schmidt and Lutz, 1979). Therefore, most of the rocks exhibited nonlinear behaviour before the 
microfracture developed, which caused unstable crack propagation. The FPZ is especially influenced 
by the principal tensile stress parallel to the direction of crack development, and since the stress is 
nonlinearly reduced in FPZ, thus the fracturing behaviour of rocks is unstable in the FPZ. For this 
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reason, this study includes both experimental and statistical methods to evaluate the properties of 
microfractures in the FPZ. Table 3 shows failure loads of various rock specimens tested under three 
loading types and Tables 4 and 5 show the fracture toughness of rock specimens s and the theoretical 
FPZ extension size for sandstone, monzonite, marble and tuff specimens respectively. 
Table 3 Ultimate failure load under three different loading types: static, CCL and SCL 
Rock type 
Sandstone Monzonite Tuff Marble 
Maximum failure loading (kN) 
Static SCL CCL Static SCL CCL Static SCL CCL Static SCL CCL 
Replication 
1 4.50 3.35 4.05 8.95 5.73 7.16 7.56 4.89 6.05 7.58 4.98 6.12 
2 5.70 4.21 5.14 8.75 5.76 7.14 7.32 4.69 5.84 7.25 4.87 5.72 
3 4.89 3.48 4.35 8.70 5.57 6.96 7.46 4.81 5.96 7.48 5.21 6.01 
4 4.87 3.50 4.37 8.88 5.70 7.13 7.82 5.06 6.26 7.36 4.23 5.87 
5 5.20 3.62 4.56 8.46 5.43 6.79 7.76 5.12 6.31 7.43 4.83 5.93 
6 5.40 3.95 4.89 9.05 5.77 7.21 7.98 5.11 6.34 7.54 5.36 6.12 
Standard 
deviation 
0.43 0.33 0.40 0.21 0.13 0.16 0.25 0.18 0.21 0.12 0.39 0.16 
Average 5.09 3.68 4.56 8.80 5.66 7.07 7.65 4.95 6.13 7.44 4.91 5.96 
 
 
Table 4 Fracture toughness values and theoretical FPZ sizes of the tested CCNBD specimens under 
static, CCL and SCL loading 
Rock type 
Sandstone Monzonite 
𝐾1 
(𝑀𝑃𝑎√𝑚) 
FPZ (mm) 
𝐾1 
(𝑀𝑃𝑎√𝑚) 
FPZ (mm) 
Replication Static SCL CCL 
Stati
c 
SCL CCL 
1 0.73 8.08 14.58 9.98 1.89 13.69 33.43 21.40 
2 0.79 5.90 10.81 7.25 1.87 14.03 32.37 21.06 
3 0.86 9.50 18.75 12.00 1.98 15.91 38.83 24.85 
4 0.77 7.68 14.90 9.53 1.97 15.11 36.63 23.44 
5 0.81 7.45 15.38 9.69 2.01 17.34 42.05 26.91 
6 0.84 7.43 13.89 9.06 1.93 13.97 34.38 22.00 
Standard deviation 0.05 1.16 2.56 1.53 0.05 1.42 3.66 2.27 
Average 0.80 7.67 14.72 9.59 1.94 15.01 36.28 23.28 
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Table 5 Fracture toughness values and theoretical FPZ sizes of the tested CCNBD specimens under 
static, CCL and SCL loadings 
Rock type 
Marble Tuff 
𝐾1 
(𝑀𝑃𝑎√𝑚) 
FPZ (mm) 𝐾1 
(𝑀𝑃𝑎√𝑚) 
FPZ (mm) 
Replication Static SCL CCL Static SCL CCL 
1 1.62 14.10 33.70 22.03 1.73 16.00 37.06 24.54 
2 1.68 16.18 39.40 25.41 1.84 19.78 43.84 31.78 
3 1.82 18.28 43.97 28.64 1.76 17.00 35.04 26.34 
4 1.79 16.09 38.43 25.11 1.78 17.96 54.38 28.24 
5 1.69 14.57 33.46 22.03 1.74 16.84 39.85 26.44 
6 1.72 14.27 34.79 22.60 1.79 17.31 34.25 26.27 
Standard deviation 0.07 1.60 4.10 2.60 0.04 1.29 7.54 2.50 
Average 1.72 15.58 37.29 24.30 1.77 17.48 40.74 27.27 
 
It was shown that the SCL test caused extra softening behaviour (greater CMOD value) in tested 
specimens with smaller failure load compared to CCL test.  The obtained CMOD results confirmed 
that a constitutive model could be used to describe the FPZ as the development of the FPZ was 
nonlinear. The FPZ was localised due to the softening behaviour of microfractures into a very narrow 
band ahead of the chevron crack tip, which was confined to the one-dimensional interface of elements. 
 
5. Dimensional Analysis 
Dimensional analysis (DA) is a physical tool to evaluate the relationships between several parameters 
in any experiment. DA may also be used to reduce the frequency of large groups of variables in a 
minimum set to design dimensionally accurate models for experiments. In the rock fracturing process, 
the relationship between physical quantities and tracking these parameters is a complex phenomenon. 
In a quantitative model of physical events, all dependent and independent variables should be 
determined. 
The dimensionally homogeneous model of the Pi theorem indicates that both sides of the physical 
equation in an experiment must have the same dimensions. Any transcendental function must be 
dimensionless to be used for the sum of two functions in an experiment (Buckingham, 1914; Unger, 
1964). In any DA model, the dependent function, 𝐹, or variable is a function of a set of independent 
variables: 𝐹𝑢 = 𝑓{𝐹1, 𝐹2, 𝐹3, … , 𝐹𝑛}. The set of variables is complete when no other variable has any 
effect on the dependent variable. If a variable function by a list of 𝑛 variables, such as 
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𝜙𝑢=(𝜙𝑢1, 𝜙𝑢2, 𝜙𝑢3, … , 𝜙𝑢𝑛), encompasses a total of ‘m’ independent primary dimensions of 
(𝐹1, 𝐹2, 𝐹3, … , 𝐹𝑚) (mass, time, length, temperature etc.), then the dimensional function can be 
reduced to a minimum number of 𝑁: 
𝑁 = 𝑛 − 𝑚           (3) 
Any physical problems can be expressed as follows: 
𝑓(𝜙𝑢1, 𝜙𝑢2, 𝜙𝑢3, … , 𝜙𝑢𝑛) = 0        (4) 
Thus, according to Bridgman’s (1922) theorem (Unger, 1964), the physical model in Eq. (4) can also 
be expressed by the following equation: 
𝑓(𝐹1, 𝐹2, 𝐹3, … , 𝐹𝑛) = 0         (5) 
The dimension of all repeating variables can be used for the principle of dimensional homogeneity 
by equating the dimensions of all variables in each group. It should be noted that the repeating 
variables must not be used for dimensionless groups, and repeatable variables should be chosen based 
on experimental and quantitative methods. In this study, due to the environmental condition of the 
testing procedure, failure of rock is a function of a response quantity value, 𝐹𝑢 (ultimate static or 
cyclic failure loads), which can be written as a function of mechanical factors involved in rock 
fracturing and encompassing fracture toughness and grain size dimensions: 
𝐹𝑢 = 𝑓{𝐾𝐼𝐶 , 𝐿, 𝐸, 𝐹, 𝜔, 𝜆}         (6) 
where 𝐾𝐼𝐶 is the fracture toughness of rock in Mode I, 𝐿 is the average dimension of rock grains (thin 
section measurements), 𝐸 is rock Young’s modulus (UCS test), 𝐹 is the ultimate failure load (CCNBD 
test), and 𝜔 and 𝜆 are the frequency and amplitude of cyclic loading (cyclic test parameters). 
Determination of a variable set is complete if there is no other variable effect on the rock failure. In 
this study, six influencing factors were selected, as presented in Eq. (6). The selections were carried 
out based on testing conditions in this study. Variables 𝐾𝐼𝐶 , 𝐿, 𝐸, 𝐹, 𝜔 and 𝜆 were chosen as 
independent variables, and failure loading was the only dependent variable. For the next step, 
dimensionally independent variables were determined that could be written as a product of the powers 
of the all-effective independent variables. To determine the subset in this step, 𝑘 = 3 base dimensions 
were involved in the fracture test: mass (M), time (T) and length (L). In this study, the dimensions of 
all six quantities {𝐹1, 𝐹2, 𝐹3, … , 𝐹𝑛} involved were [𝐿] = 𝐿, [𝐸] = 𝑀
1𝐿−1𝑇−2, [𝐾] = 𝑀1𝐿−0.5𝑇−2 and 
[𝜔] = 𝑇−1. To ensure that these variables were dimensionless, the following equations needed to be 
solved by establishing a proper scaling equation to group all variables into dimensionless products: 
[𝑀𝐿𝑇−2]0 = [𝐿]𝑎[𝑀𝐿−0.5𝑇−2]𝑏[𝑇−1]𝑐[𝑀𝐿𝑇−2]𝑑      (7) 
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Frequency was applied as a fixed parameter for all tests (1 Hz for all cyclic tests because of the limited 
functionality of the load cell device), although previous studies have shown that the role of amplitude 
is much more significant than that of frequency (M Ghamgosar et al., 2015). The amplitude was 
applied as 50% of the ultimate failure load determined from the monotonic tests for each rock type to 
maintain consistency of the experiments. Four unknown (𝑎, 𝑏, 𝑐 and 𝑑) and four related equations 
were assigned to solve the unknown exponents in Eq. (7). Equations could be solved using Maple 
software, and the following functional expression could be generated for rock fracturing: 
𝐹
𝐿𝐸
= Π (
𝐾𝐼𝐶√𝐿
𝐸
,
𝜆
𝐿𝐸
)          (8) 
where 𝐹 ⁄ 𝐿𝐸 is the failure function for the cyclic and static fracture toughness tests, 𝐾𝐼𝐶√𝐿 ⁄ 𝐸 is 
the fracture toughness factor, and 𝜆 ⁄ 𝐿𝐸 is the grain size factor. The general operator of Π is an 
implicit function and considered as the challenging task in dimensionless analysis, which needs to be 
determined through mathematical equations based on the feasible estimation models. Considering all 
independent variables in a rock fracturing process, multiple exponential functions were initially 
formulated for the all components, and nonlinear functions in Maple software to minimise the least 
square error. As rock is naturally heterogeneous, it was postulated that the components of the 
proposed function were nonlinear (Alehossein and Hood, 1999). A parametric model was applied as 
an underlying theoretical function for an experimental concept associated with the dependent variable 
(failure factor) and two other independent variables—X (fracture toughness factor) and Y (amplitude-
grain size factor)—via the postulated physical relationship between all factors. In this dimensionless 
model, all parameters could be measured from the Uniaxial Compression Strength (UCS) and fracture 
toughness tests, while in different testing conditions such as different temperatures; new factors could 
be considered in the same way presented here. Table 6 summarises the results of some experiments 
conducted on four different rock types to be used in DA. Sandstone, monzonite, tuff and marble thin 
sections were prepared from the rock samples before conducting the loading tests, and the average 
length of grain was calculated for the all rock types (Table 6). 
Table 6 Experimental results used as input parameters in DA solutions 
Rock 
type 
Applied load (kN) 
[𝑘𝑔. 𝑚. 𝑠−2] 
Grain 
size 
Fracture 
toughness 
(𝑀𝑃𝑎√𝑚) 
Amplitude 
% (kN) 
Freque
ncy
 (Hz) 
Young’s 
modulus 
(GPa) 
[𝑚] [𝑘𝑔. 𝑚−.5. 𝑠−2 ] [𝑘𝑔. 𝑚. 𝑠−2] [𝑠−1] [𝑘𝑔. 𝑚−1. 𝑠−2] 
Static SCL CCL Average range 
Sandstone 4.87–
5.7 
4.05–
5.14 
4.05–
5.14 
0.0032 0.73–0.86 60–80 1–5 33.3–46.1 
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Monzonit
e 
8.46–
9.05 
5.43–
5.76 
6.79–
7.21 
0.0034 1.87–2.01 50–80 1–5 46.3–53.5 
Tuff 7.32–
7.98 
4.69–
5.12 
5.84–
6.34 
0.0026 1.62–1.82 50–80 1–5 44.0–51.6 
Marble  7.25–
7.58 
4.23–
5.36 
5.72–
6.12 
0.0035 1.73–1.84 50–80 1–5 48.1–54.4 
 
DA can be used to describe sophisticated engineering behaviour, such as rock fracturing, cutting and 
fragmentation, by using standard experimental tests. However, for the most complicated conditions, 
such as hydraulic fracturing, factors such as fluid and ground conditions must be taken into account. 
Some specific software provides a range of optimising functions that can be used to solve DA 
functions and determine the most optimised models (Alehossein and Hood, 1999). In Maple software, 
the optimisation package uses the least squares (LSSolve) and nonlinear (NLPSolve) functions to 
solve equations with nonlinear approaches to minimise least square errors. Iteration calculations were 
performed, and the best-fitted equations were determined by considering the minimum function error. 
The calculations for determining the most accurate function in the DA model can be stopped 
whenever the computed answers converge to the possible minimised values. Computed functions 
Π1(𝐾𝐼𝐶√𝐿 ⁄ 𝐸) and Π2(𝜆 ⁄ 𝐿𝐸) were determined, and the best-fitting model was obtained, as follows: 
Π = 𝑎 + 𝑏Π1 + 𝑐𝐿𝑛Π2         (9) 
In Eq. (9), Π1 represents the fracture toughness factor, Π2 is the amplitude-grain size factor and Π is 
the failure factor. For each rock type, estimated equations were determined individually under 
different loading conditions. Regarding the Eq. 9, it must be noted that the calculated fracture 
toughness values for the various CCNBD geometries are valid since it follows the ISRM thus the 
equation could be used for similar geometries of any rock type. Table 7 presents some DA results and 
the unknown component values. The estimated equations presented in Table 7 can be used to obtain 
the required fracture loading for the tested rock types regarding the grain size, elastic modulus and 
fracture toughness (Eq. 6). Compared with the ISRM standard, fracture toughness is determined 
regardless of elastic modulus and grain size. This presented method added two important parameters 
to calculate fracture toughness. 
Table 7 Estimated equations for static, SCL and CCL tests using LSSolve and NLPSolve optimising 
methods for used rock specimens 
Rock type Loading mode Estimated equation 𝒓𝟐 
Sandstone Static −142.54 + 20292.88(F1) + 48.6𝐿𝑛(F2) 0.994 
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SCL −109.88 + 6427.23(F1) + 41.98𝐿𝑛(F2) 0.992 
CCL −109.12 + 8449.11(F1) + 41.27𝐿𝑛(F2) 0.992 
Monzonite Static −215.87 + 11478.01(F1) + 64.82𝐿𝑛(F2) 0.999 
SCL −113.00 + 7356.02(F1) + 39.34𝐿𝑛(F2) 0.999 
CCL −163.99 + 8995.41(F1) + 52.85𝐿𝑛(F2) 0.999 
Tuff Static −191.20 + 382.07(F1) + 65.21𝐿𝑛(F2) 0.996 
SCL −109.38 + 382.07(F1) + 65.21𝐿𝑛(F2) 0.995 
CCL −145.29 + 922.91(F1) + 52.93𝐿𝑛(F2) 0.996 
Marble Static −139.75 + 2412.47(F1) + 50.07𝐿𝑛(F2) 0.982 
SCL −61.07 + 979.85(F1) + 29.43𝐿𝑛(F2) 0.998 
CCL −80.02 + 795.74(F1) + 35.13𝐿𝑛(F2) 0.998 
 
The predictive models shown in Table 7 were obtained based on the experimental tests performed on 
different rock types and were used to predict accurate dimensionless parameters (Table. 6). In fracture 
toughness tests, it was found that SCL must allow sufficient development of the FPZ since the CMOD 
values were greater than CCL. The fitted regression results in Table 6 indicated good correlations 
between grain size, fracture toughness and cyclic loading parameters, but the linear coefficient was 
obtained 0.982 for the static failures in marble specimens, which might be affected by the granular 
structure of the samples. The estimated functions are plotted for the sandstone specimens and can be 
plotted for the other rock types tested (Figure 8). Fig. 8 shows the best-fitted results with minimised 
calculated errors presented in three axes, as it was designed based on the three factors in the fracture 
toughness tests. Further, the obtained results can be used to calibrate numerical models when there is 
limited experimental data is available. 
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Fig. 8 Example of optimised functions determined with two variables (fracture toughness and grain 
size factors) for static, SCL and CCL tests with sandstone specimens 
 
6. Discussion 
The fracture toughness tests were conducted on selected four rock types under static, and two types 
cyclic loading (i.e., CCL and SCL), and failure loads and CMOD results were determined. Standard 
fracture toughness tests were performed according to the suggested methods proposed by ISRM. 
Experimental results showed that the size of the plastic zone or FPZ at a given CMOD value was 
greater under SCL and CCL tests than static loading. Further, the failure load was smaller under the 
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cyclic tests compared with failure load with the static tests. The failure load for the CCNBD 
monzonite specimens (defined as hard rock) were 8.80 kN, 5.66 kN and 7.07 kN under the static, 
SCL and CCL tests, respectively (defined as a soft rock) The failure load for the sandstone specimens 
were 5.09 kN, 3.68 kN and 4.56 kN under the static, SCL and CCL loading respectively. For all rock 
types, SCL loading produced excessive crushing in the tested rocks leading to larger FPZ dimensions. 
The CT scan technique was employed, which was conjugated with the post-processing image 
technique, to compare the fracture morphology in the FPZ and to enable a clear understanding the 
shape and size of FPZ obtained with the static, CCL and SC tests. Fig. 9 shows the different patterns 
of fracture extension for the SCL, CCL and static failure modes. As shown in Figure 9, cyclic loading 
created rough morphology and curved surfaces in the FPZ region while the failure load was smaller 
for SCL and CCL than the static tests. CCNBD specimens were scanned, and the little region in front 
of the notched crack tip was selected for image processing (Fig. 9). The surface pixels, which 
represented fracture morphology, showed that continuous and parallel fractures formed under static 
failure, while irregular and discounted fractures were created in the FPZ under SCL and CCL. 
 
Fig. 9 Microfracture morphology analysis of the FPZ in CCNBD specimens: (left) CT scan raw image 
and (right) microfracture morphology obtained with the post-processing image analysis 
 
The CT scan processing images for CCL showed that a fraction of the cracks or damaged area was 
considerably parallel and contained notable major cracks that initiated in front of the embedded crack 
tip (Fig. 10). However, there were few major fractures in the SCL model, while excessive 
microfractures were propagated (Fig. 10). Pixel analysis allows to count selected pixels and 
determines pixel density values in FPZ. Images showed that pixel values were clustered for SCL at a 
high intensity whereas the maximum intensity value in CCL was used by only a couple of major 
fractures in the FPZ. In addition, further analysis revealed that there was no specific difference 
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between the fracturing behaviour with SCL and CCL outside the FPZ. The processed images imply 
that different cyclic loadings can have a significant effect in the FPZ. 
 
Fig. 10 Image processing with CT scan for the monzonite CCNBD specimens tested under SCL, CCL 
and static loading (right figures show images generated with graphical interfaces of ImageJ; left 
images show CT scan results) 
 
Marble samples contain interlocked grains leading to new fractures initiate from the extra stress 
concentration regions developed at the grains’ bonding boundaries. CT scan results and fracture 
morphology is shown in Fig. 11 to Fig. 15 confirmed that the obtained tiny particles and dust under 
cyclic loading is the result of damages occurred around the grains’ ligament connection before 
intracrystal fracturing. Therefore, in coarse-grained rocks with highly interlocked textures, fractures 
prefer to propagate through the interlock connection rather than inside the grains, and it directly 
influences the rock strength. Bagde and Petroš (Bagde and Petroš, 2005) reported that the strength of 
the sandstone samples was decreased 50% - 70% of the strength obtained with monotonic loading 
and the lateral deformation developed faster than the axial deformation in the specimens. They also 
concluded crystalline rocks could be strongly affected by cyclic loading, and damaging the coarse 
grain rocks is easier than the rock having finer grain texture. The same conclusion can be drawn to 
this study by comparing the marble testing results and the other rock types (see Fig. 15). 
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Fig. 11 Different patterns of fracture propagations and micromorphology of FPZ in (a) monzonite, 
(b) sandstone, (c) tuff and (d) marbles (red arrow indicates crack tip in CCNBD sample) 
Further analysis was performed to visualise the fractured surface profile, which was obtained from 
scanned samples of the FPZ region. Fig. 12 shows the pixel quantity of the fracture morphology in 
the FPZ, which explains the effect of loading conditions on fracture toughness tests. Pixel calibration 
is an essential step in most image processing software, such as ScanIP and ImageJ. The image and 
pixel quantity were selected with calibrated images using the ScanIP software to enable a valid 
comparison between the results. The pixel analysis results indicated that the morphology of the FPZ 
could be calibrated using CMOD data. However, the pixel profile in the FPZ was a more accurate 
tool for explaining the effect of different loading conditions for various rock types. This new method 
of presenting the fractured surface is more tangible than the current calculation methods. A profile 
line was created at the crack tip, and the quantity of pixels was calculated for each loading test to 
obtain a better description of the fracture morphology under different loading conditions. The ratio 
of the obtained pixels from the image analysis represented the value of the FPZ ratio under the applied 
loading for monzonite samples: 45/150/250. This ratio is mainly dependent on the loading condition, 
plastic deformation, grain size, fracture toughness and material stiffness. This ratio was also obtained 
for other rock types in this study to ensure that the proposed method was representative of the other 
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rock types. It was evident that few secondary fatigue fractures developed because of the material 
stiffness reduction under the SCL. Distant fractures, as shown in Figures 12–15 for the static failure, 
refer to chipping off from the sample boundary, and it must be dismissed from the image analysis 
related to FPZ microfracture distributions. The data on the vertical axes in Figures 12–15 indicate the 
intensity values of the quantity of pixels, which were determined from the profile history of the CT-
scanned digitised images for the selected region in the FPZ. The distribution of grey scale values 
represented microfracture morphology in the FPZ and was used to compare the fracture morphology 
of the three different loading conditions. The pixel quantities and grey values (pixel intensity 
amounts) were determined and plotted in the horizontal and vertical axes for the each scanned image. 
The grey values depict the level of pixel intensity (Fig. 12). As shown in Fig. 12, pixel quantity 
fluctuated at the FPZ, and the crack tip indicated the presence of microfractures and voids of the 
tested specimens, such that 40, 160 and 260 pixels were counted for static, CCL and SCL loading 
tests, respectively. Thus, pixel quantity accurately presented fracture morphology and microfracture 
quantity for the fractured samples. It was concluded that the ratio of pixels could be considered as a 
new method to compare the obtained results (Fig. 12). The ratio of pixels in the FPZ for static, CCL 
and SCL tests were 40/160/260. 
 
Fig. 12 Combination of voxel and image analysis with the microfracture morphology in the FPZ for 
the tuff samples tested with the static, SCL and CCL 
 
A similar approach was used for the other tested rocks, and the corresponding results were plotted in 
Fig. 13–15. As expected from the experimental observations, sandstone was the weakest rock type. 
Further, extra crushed grains and dust were obtained with the sandstone specimens under both cyclic 
tests, especially under SCL (Fig. 14). Secondary fractures were also detected by using this technique 
(Fig. 12–14). The pixel ratios for monzonite were 45/150/250 under static, CCL and SCL tests 
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respectively. In addition, the processed image results showed a couple of secondary cracks (orange 
plot in Fig. 13), probably due to linking the adjacent microcrack ahead of the chevron crack tip and 
weathered grains. For all samples, the pixel ratio for the SCL test was greater than that of CCL, and 
the pixel ratio for the CCL was higher than the static tests. 
 
Fig. 13 Combination of voxel and image analysis of microfracture morphology in the FPZ for the 
monzonite samples after the static, SCL and CCL tests 
For the sandstone sample shown in Fig. 14, all pixel quantities for the static, SCL and CCL tests were 
greater than other rock types (30/180/270). As sandstone is softer than other rocks, it must have 
excessive microfracturing under similar loading conditions, as derived from the pixel analysis. Thus, 
to compare the mechanical responses of different rock types, the image analysis provides detailed 
information regarding the microfracturing process in the FPZ. 
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Fig. 14 Combination of voxel and image analysis of microfracture morphology in the FPZ for the 
sandstone samples after the static, SCL and CCL tests 
 
Grain size is another significant factor in the rock fracturing process that must be considered in 
fracture analysis. Marble is a homogenous interlocking rock, and current fracture mechanic 
approaches do not consider the interlocking properties of the material in the description of the 
fracturing process, while the image processing technique discussed here can be used for any type of 
inhomogeneous and anisotropic material. Fig. 15 shows the image analysis results for the marble and 
more pixels were used for the static tests compared to other rock types. This indicates that the 
interlocking properties of coarser rock particles could decrease the strength of rock compared to finer 
grains. Thus, microfracture density clearly increased due to interlocked texture and the stress 
concentration around the grains even with static loading. The similar result about the effect of grain 
size and texture on fracturing was obtained with the loading and unloading steps during the cyclic 
tests. Pixel quantity for marble was determined as 55/190/300 pixels for the static, CCL and SCL 
failures, respectively. Therefore, the image analysis illustrated the role of grain size in the fracturing 
process, and the outcomes were considered in the DA analysis. 
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Fig. 15 Combination of voxel and image analysis of microfracture morphology in the FPZ for the 
marble samples after the static, SCL and CCL tests 
 
7. Conclusions 
A novel outcome of this research was developing a new methodology for studying the rock fracturing 
by using a CT scan method and image analysis to investigate the extension of microfractures in the 
FPZ. As LEFM and theoretical approaches have been developed based on linear elastic solutions and 
do not consider heterogeneity or the role of grain size in the proposed solutions, this study provided 
techniques that are more reliable to explore the behaviour of microfractures under various loading 
conditions. The following outcomes were obtained: 
1. A CCNBD test was performed to calculate fracture toughness and determine CMOD values 
for the selected rocks according to the ISRM’s suggested methods. Three different tests of 
loading types—static, continuous and step cyclic—were conducted to investigate the role of 
applied loads in fracture propagation and microfracture density in the FPZ. Image analysis 
methodology was used to describe microfractures developing under applied loads, and post-
processing image techniques provided detailed information of fracture pixels in the FPZ and 
were used to compare multiple testing options. 
2. According to the results obtained from the fracture toughness test, cyclic loading creates 
excessive microfractures in the FPZ by developing fatigue damage and subcritical fractures. 
Almost 30–40% of the ultimate strength of rocks was found to decrease when applying cyclic 
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loading compared to the static test. Moreover, Step Cyclic Loading (SCL) generated extra 
microfractures in the FPZ compared to Continuous Cyclic Loading (CCL). The extra damage 
obtained under SCL loading can be integrated into developing rock-cutting technology to 
increase rock fragmentation and breakage, especially for hard and coarser rock types by using 
less energy. 
3. DA analysis was undertaken to establish a predictive model to involve three main factors in 
rock fracturing (i.e., grain size, rock stiffness and fracturing resistance). The DA function was 
determined by using experimental results and minimising fitting errors, which are used to 
estimate the fracturing response of rock regarding grain size, fracture toughness and rock 
stiffness. 
4. Image analysis revealed that FPZ size is dependent on loading conditions, such that FPZ 
dimensions obtained under SCL were larger than CCL and static tests. Moreover, image 
analysis was used to explain FPZ and microfractures developing in marble, which contains 
interlocked coarse grains. The FPZ for marble was wider under cyclic loading compared to 
monzonite and tuff samples. The pixel ratio of the FPZ indicated the size of the FPZ extension. 
The ratios were 45/150/250, 40/160/260, 30/180/270 and 55/190/300 for monzonite, tuff, 
sandstone and marble under static, CCL and SCL loadings (static/CCL/SCL), respectively. 
The FPZ developed size under static loading was smaller for all rock types than it was under 
SCL and CCL loadings, while the FPZ in the marble specimen was larger due to stress 
concentrations around the grains interlocking. This result broadens our understanding of rock 
fracturing and shows that grain size must be considered for fracture analysis—especially for 
coarser rocks. 
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Abstract 
This study presents the results of experiments performed on monsonite specimens to investigate the 
effect of static and cyclic loadings on micromechanical properties and microstructures in the fracture 
process zone (FPZ). Cracked chevron notched Brazilian disc (CCNBD) specimens were drilled out 
from different monsonite origins and prepared and tested under static and cyclic loadings. An image-
processing technique was performed on fractured surfaces associated with voxel analysis, to 
determine the micromorphological properties of the FPZ under static and cyclic failures. Detailed 
digitised images results revealed that static failure produced parallel microfracture patterns with clean 
and smooth fractured surfaces, while cyclic loading produced rough fractured surfaces associated 
with scattered microfracture patterns. The results of the experiment showed that cyclic loading 
formed rough, cracked surfaces conjugated with the fatigue mechanism and consequently, extra 
crushed grains were formed on both sides of tensile cracks. A statistical study was carried out based 
on the voxel analysis to determine the interactive micofracture area and to quantify the localised 
microfracture percent for a desired FPZ. The influence of grain size was investigated by studying the 
ratio of local strain energy to the total energy for different grain sizes of specimens, by applying the 
particle flow code (PFC) models. Further, the effect of grain size on fracture was studied by 
determining the number of tensile and shear cracks formed along the microfracture progressing paths. 
Experimental results showed that the direction of tensile cracks in fine-grained samples were formed 
parallel to the loading direction, while in coarse-grained specimens, cracks orientation extended in 
different directions. The results of crack growth and micromorphology evidences revealed that 
parallel vein-shaped cracks formed in fine-grained specimens, while scattered radiation patterns were 
associated with coarse-grained samples. The outcomes of this study will improve knowledge of the 
microfracture and micromechanical behaviours associated with rock-cutting technologies and 
fragmentation industries for hard rocks. 
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1. Introduction 
Physicochemical and mechanical phenomena such as slope failure, rock burst and fracking are often 
studied as a process of cracks forming and developing in a rock body. Along with other macro-scale 
mechanical parameters of rocks, fracture toughness is an important mechanical aspect that describes 
rock resistance to initiating and developing tensile cracks under applied boundary forces (i.e., 
mechanical, structural, hydraulic, thermal and chemical environments). Based on ‘strain softening’ 
as proposed by Labuz,1 fracture progression in the fracture process zone (FPZ) involves two physical 
phenomena: microcracking in front of cracks; and ligament connection of the crack at the mineral 
bonds and boundary, known as the bridging phenomenon.2 Several researchers have attempted to 
determine the strain energy dissipation and fracture toughness of different rock types under the static 
tensile test (Mode I) and some attempts have been made to investigate rock microfracturing behaviour 
under cyclic loading.3-6 In brittle material such as rocks, strain energy is dissipated by plastic 
deformation before the catastrophic failure, since the micromechanical properties establish nonlinear 
behaviour; thus, the linear elastic fracture mechanics (LEFM) approach encounters some limitations 
in describing the actual behaviour of the FPZ.7 
The fracture mechanics concepts mostly investigate two main aspects of the fracturing process in 
rock: initiation, which depends on fracture toughness and fracture development, which mainly 
follows the stress distribution in the FPZ. The mixed mode of fractures are undertaken by applying 
new boundary conditions.8 Horii and Nirmalendran (1990)9 proposed an analytical model to study 
fracture progression in the FPZ and described the dominant mechanism of fracturing behaviour in 
quasi-brittle material such as rocks. The bridging failure as a response to crack extension between 
rock grains is assumed to explain the tension-softening relationship that results in the orientation of 
microfractures developing in the FPZ.10 Therefore, it is suggested that crack propagation in rock is 
the consequence of microcrack nucleation in the zone behind the crack tip; this phenomenon is 
different from rock to rock and for different boundary conditions.11, 12 
Microfracture formation in the FPZ comprises three different stages: stress-free crack initiation, 
microfracture bridging and microfracture development.13 Mode I of fracture toughness in rock is the 
weakest of the shear and tearing modes; therefore, it can be determined readily through experimental 
and numerical studies. However, current standard tests cannot provide detailed information to 
describe the brittle cracking mechanism in rock because of the presence of multi-dimensional grains 
with different sizes and complex mechanical behaviour. For example, the FPZ as the main source of 
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fracture initiation is significantly smaller than the dimensions of the specimen; therefore, in addition 
to experimental and computational methods, it is necessary to observe microcracking patterns and 
ligament connections by employing the X-ray tomography technique.  
In this study, fracture toughness tests were conducted on monsonite samples associated with a specific 
configuration of sample geometry known as the crack chevron notched Brazilian disc (CCNBD), as 
suggested by the international society of rock mechanics (ISRM).14 X-ray tomography was also used 
to study the patterns of micromorphology and to quantify the crack density in the FPZ under static 
and cyclic failure conditions. The image analysis technique could provide detailed information of the 
actual morphology of microfractures, which were directly attributed to the loading conditions and 
grain-size effect in tested samples. In addition, quantitative image analysis of X-ray results was a new 
approach that was used in this study for quantifying the actual amount of microfracturing in the FPZs 
of tested samples.  
Particle flow code (PFC) modelling was calibrated based on the mechanical experiments and used to 
obtain the tensile and shear cracks quantity associated with the micromechanical failure models of 
bonded particles.15 Normalised energy (the ratio of local energy in the FPZ to total energy in a 
specimen), magnitude of failure forces and tensile stresses were determined and used to describe the 
fracturing behaviour under the different loading conditions and various grain sizes. 
2. Fracture process zone 
Cracks of different sizes in the process zone, such as micro-, meso- and macro-cracks (grain size 
smaller than 10-3 mm and larger than 100 mm) grow into the intact part of rock due to the increasing 
tensile stress. Despite the theoretical predictions for size and shape of the FPZ, the actual plastic zones 
obtained from finite element methods (FEM) analysis and experimental observations differ, which is 
considered a challenge for rock mechanics researchers.8 Mathematical studies by Ouchterlony 
(1982)16 and Schmidt (1979)17 proposed that the crack length should be larger than 2.5(ܭூ஼/ߪ௧)ଶ, 
where the critical stress ܭூ஼  and tensile stress can be determined from the standard Brazilian test and 
fracture toughness test. Since fracture toughness and tensile stress depend on the internal structures 
of rocks, recognising the actual size of the FPZ requires microscale observation to verify the 
mathematical approaches. The mechanical behaviour of a rock is totally nonlinear in the FPZ and 
plastic deformation causes stress concentration at the crack tip and diminishes rock strength by 
progressing microcracks.18 The FPZ is defined as a region of particle decohesion in front of the crack 
tip, where the coalescence of microcracks initiates and propagates.  
The basic concept of fracture evolution in the FPZ was developed based on the nonlinear behaviour 
of rock by introducing J-integral and crack opening displacement (COD) approaches that can address 
the relatively large crack tips in rock.19 For example, the Dugdale model assumes that there is a 
specific plastic zone in front of the crack tip that can be determined by elastic solution,20 as shown in 
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Figure 1, while experimental observations have shown different forms of FPZ.21 Another issue with 
theoretical approaches is that they cannot address actual fracturing behaviour in rock due to the 
heterogeneity of minerals and different grain sizes.22  
 
 
Figure 1. Fracture process zone: (a) tensile stress distribution in numerical model of 
CCNBD specimen; (b) theoretical stress distribution in the polar coordinate 
 
Therefore, based on the overall discussion, the microfracturing process is defined as the 
microseparation of a rock body into different parts when external forces are exceeding the bonding 
forces of the rock grains. The FPZ includes microcracks and meso-cracks, which ultimately 
coalescence into macro-fractures prior to the extension of the main fracture.21 Increasing the grain 
sizes forms another type of fracture that propagates from meso-cracks or macro-cracks, called crack 
branching. This indicates that the FPZ geometry depends on internal factors (e.g., grain size, particle 
strength and interlocking character) and external loads (e.g., static, cyclic, dynamic and 
environmental forces).1, 21, 23-25  
The proposed experimental method in this research addresses the question of how to describe FPZ 
extension by using the fracture morphology profiles revised from X-ray-scanned specimens. From 
the macroscopic prospect, rock failure is a result of catastrophic energy dissipation under certain 
loading conditions. However, in terms of energy, the total work of applied external forces results in 
increasing the elastic strain energy and the irreversible deformation process causes the ultimate 
failure.25 Therefore, besides fracture morphology analysis, the energy dissipation amount obtained 
from load-displacement curves can be used to establish the energy-based framework to address 
fracturing problems attributed to rock mechanics. In this study, the PFC was employed to determine 
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the strain energy spent for crack propagation under the applied loading conditions for different grain 
sizes in numerical models.15 
 
Microfracture and brittle failure in rock 
Microfracture formation is a result of the dislocation of pile-up particles in rock, which causes stress 
concentration and leads to different forms of microfracture. The origins of rock failure are manifold 
and as well as the effect of boundary conditions, the physical characteristics and nonlinear behaviour 
of rocks are involved in forming diverse fracture patterns. Rock failure is a complex process that is 
controlled predominantly by the micromechanical properties of rock particles. X-ray tomography can 
be used to determine some of these micromechanical properties and microfracturing patterns, which 
can be classified into three main groups: intragranular cracks (within the individual grains), 
transgranular cracks (across two neighbouring or far-away grains) and circumgranular cracks.26 The 
X-ray tomography scanning technique enables researchers to investigate the internal source of the 
formation of microcracks, which depend on the microfracture damage, micromechanical properties 
and average grain size of a rock. In contrast, applied boundary conditions such as thermal, time-
dependent force displacement, shockwave discharge and chemical and physical factors are external 
sources that cause the generation and extension of microfracture clusters. The general types of 
microcracking patterns are presented in Figure 2. 
 
Figure 2. Three main models of microcracking patterns in brittle fracturing: transgranular cracks 
(cracks through the rock main texture), intragranular cracks (cracks through the grains) and 
circumgranular cracks (cracks formed around the grain boundary cavitation) 
 
Grain size, distribution and shape are important factors in the tensile failure of rocks, as they can 
propagate flaw-induced microcracks through the weak surfaces of the grains when the specimen is 
subjected to the external forces.  
Thin sections were observed at high magnifications and used effectively for fracture mechanics 
studies before and after the experimental process. Ordinary 30 μm thin-section samples from different 
100 
 
tested monsonite samples were prepared for this study and used to describe the fracture patterns in 
the FPZ.13 
Transgranular microcracks are irregular in shape and geometry but jointed together by surrounding 
hosted grains, as shown in Figure 2(a). This type of microfracture model has been used for low-
porosity crystalline rocks, which are developed by the loose contact of the grains and the reduction 
of tensile stress concentration at the crack tips.27, 28 Propagation tensile cracks through the grain and 
parallel fracture veins are illustrated in Figure 3(b). If a crack can propagate, acting on the local planes 
and axes, it can be determined as an intergranular fracture (transcrystalline cleavage). If the grain 
boundaries are separated sufficiently from the other sides, this is called an intragranular or 
intercrystalline fracture. Figure 3 illustrates the three main concepts of microfracture models observed 
in monsonite specimens.  
Since the fracture analysis in this study focused on the FPZ, a zone ahead of the chevron crack was 
selected to describe the fracture propagation patterns. In brittle fracturing of rocks, microyielding and 
microfracturing are presumed to happen at the FPZ in order to develop further crack growth or 
nucleate new tensile and shear fractures at about the same size scale as the grains themselves. 
Therefore, grain size, shape and connection forms are important factors that influence crack sizes. 
Moreover, the image-processing observation showed that a greater number of scattered aligned cracks 
were achieved when the grain size was increased. Image analysis revealed that decohesion tensile 
stress had more opportunity to exhibit fatigue behaviour with coarser samples by applying cyclic 
loading. Thus, the grain size in brittle rocks was found to provide a means for an increase or decrease 
in fracture strength in the FPZ. However, the various shapes of grain boundaries in rock can be formed 
by mechanical behaviour of microstructures, dislocations and micro-voids. Thus, grains and minerals 
are preferential factors in the congregation of stress concentration and controlling for microfracture 
development and progressing direction. In addition, embrittlement (weakening of rock stiffness) can 
be achieved by applying cyclic loading, thermal environments and shockwave forces.8 
 
(a) 
 
(b) 
 
(c) 
Figure 3. Microcrack types along the main crack in the FPZ: (a) contacts are linked around 
the grains; (b) microcracks are distinguished by an extension through the grains; (c) 
microcracks develop parallel to the main tensile crack through a fine-grained monsonite 
sample 
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It is concluded that the generation of cracks in rock is a complex mechanism that depends on the 
formation of microfractures and the separation of particles accompanying dislocation movement; 
therefore, measuring the deformation and strain components is important in fracture mechanics 
studies. Most structural rocks have multiple imperfections, cavities, complicated grain boundaries 
and interlocking characters that mean that typical fracture toughness tests cannot create a perfect 
image of the aforementioned microfracture models (see Figure 3). Therefore, the aim of this research 
was to investigate the microfracture patterns that develop in monsonite samples under cyclic loading 
by focusing on the role of different grain sizes. Further, image post-processing analysis was utilised 
to quantify the microfracture density and described fracture morphology in the FPZ for some pf tested 
samples.  
3. Sample preparation and testing method 
Monsonite samples were collected and cored from Cadia Valley Mine (New South Wales) and 
categorised into four groups (MOFT1 to MOFT4) based on grain sizes, to ensure consistency in the 
experiments’ results. The mineralisation at Cadia Valley is characterised by a late Ordovician 
monsonite, which contains intrusions of a sequence of Ordovician volcanic and sediments.29 The 
mineralisation can be hosted by the gold-copper mineralisation quartz veins and made volcanic and 
monsonitic intrusive with the monzonite phase of the intrusive rock mass.30 The standard uniaxial 
compressive strength (UCS) and Brazilian indirect tensile (BTS) tests were conducted under static 
loading to obtain the required parameters for the micromechanical properties conjugated with 
numerical models. The CCNBD fracture toughness test was performed to study the fracturing 
behaviour of four monsonite groups and the results were used for post-image processing. Figure 4 
illustrates the experiment set-up for the BTS, UCS and CCNBD tests. 
 
 
a b c 
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Figure 4. Performed mechanical tests: (a) indirect tensile test; (b) uniaxial compression test; (c) 
displacement measuring by crack mouth opening displacement (CMOD) gauge 
 
The geometry and configuration of the monsonite samples were selected according to the suggested 
international society of rock mechanics (ISRM) methods for BTS, UCS and CCNBD tests. Table 1 
summarises the mechanical testing results for monzonites with different grain sizes. 
Table 1. Some of the mechanical test results for samples of different grain sizes 
 MOFT1 MOFT2 MOFT3 MOFT4 
UCS (MPa) 
Maximum 152.33 150.21 139.01 138.49 
Minimum 146.76 147.02 130.97 120.42 
Standard deviation 2.87 2.65 5.87 8.04 
Average 149.55 148.62 134.99 129.46 
Young 
modulus 
(GPa) 
Maximum 71.44 69.23 60.87 48.21 
Minimum 65.31 59.13 51.4 34.77 
Standard deviation 3.23 4.53 4.87 6.34 
Average 69.34 65.22 58.54 45.34 
Indirect 
tensile 
strength 
(MPa) 
Maximum 7.98 7.78 6.56 5.44 
Minimum 7.21 7.01 5.49 4.65 
Standard deviation 0.23 0.36 0.56 0.43 
Average 7.66 7.69 6.23 5.12 
Poisson ratio 
Maximum 0.25 0.27 0.31 0.39 
Minimum 0.2 0.23 0.25 0.27 
Standard deviation 0.021 0.03 0.04 0.09 
Average 0.23 0.24 0.27 0.35 
 
3.1 Static fracture toughness test 
The fracture toughness parameter has been shown to be a material constant property that can be 
measured from laboratory tests. The fracture toughness test was used in this study to obtain the 
fracturing resistance of Mode I for monsonite specimens under static and cyclic loading tests. For a 
given tensile stress and crack length, the fracture toughness for Mode I could be determined by a 
linear function argument. Irwin31 adapted the crack tip stress distribution of Westergaard’s model32 
to express the fracture toughness, as below: 
ߪ௙ = ඨ
ܭூ஼ଶ
2ߨݎ
 ݂(ߠ) 
(1) 
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where, ߪ௙ is Cauchy stress, ݂(ߠ) is dimensionless function depending on the crack location and 
loading conditions, ݎ is the distance of crack tip along the direction of ߠ from the horizontal axis and 
ܭூ஼ is the critical fracture toughness. The CCNBD fracture testing method has advantages over the 
other fracture toughness tests suggested by the ISRM. The main advantages of using this fracture test 
are the simplicity of sample preparation reducing the amount of material required for conducting the 
CCNBD and stable crack propagation. The CCNBD specimens were obtained from identical rock 
origins that were also used for the UCS and BTS tests, to ensure the consistency of the experiment’s 
results. A circular diamond saw was used to prepare a chevron crack slot in the Brazilian sample, to 
make the CCNBD specimens. All required dimensions and geometries were converted into the 
dimensionless parameters suggested by the ISRM.  
The CCNBD specimens were diametrically loaded under the static loading; in all the static tests, the 
axial compressive force was applied parallel to the inclination of the notched crack alignment. It has 
been proved that this condition represents the tensile fracturing and Mode I of fracture toughness.33 
For both static and cyclic tests, horizontal crack mouth displacement was recorded continuously 
during the loading. All samples were loaded compressively under static and cyclic loadings by using 
Instron 8841with100 kN load cell (loading control). For compressive loading, WaveMatrix™ 
interface was used to create and apply different loading models under the cyclic loading condition. 
An instrumented displacement gauge (a CMOD) was connected to a data logger and continuously 
recorded crack displacement during the compressive loading test. Table 2 provides a valid range of 
sample geometry used for the CCNBD specimen in this study. Displacement at crack tip was 
measured by using a CMOD gauge across the crack mouth (see Figure 4(c)). An Instron compression 
machine was used to apply static and cyclic loadings and an Instron 2670 displacement gauge was 
assembled on the CCNBD samples to measure the displacement during the loading. The lower limit 
value of stress concentration is known as the critical toughness value or ܭூ஼   and can be determined 
for most solid materials by employing a standard fracture toughness test under the plane strain 
boundary conditions. In this study, the CCNBD fracture toughness test was performed to determine 
the fracture Mode I by using the ISRM’s suggested method,14 which could be calculated by using the 
following equation: 
ܭூ஼ = (
௠ܲ௔௫
ܤ√ܦ
) × ௠ܻ௜௡ 
(2) 
where ௠ܲ௔௫ is the maximum failure load, ܭூ஼ is fracture toughness, ܤ and ܦ are the specimen 
thickness and diameter and ௠ܻ௜௡ is the critical (minimum) value of the dimensionless factor obtained 
from the ISRM’s suggested standard method. The dimensionless factors (ߙ଴) and (ߙଵ) were 
determined as 0.260 and 1.05 in average monsonite CCNBD specimens. The corresponding critical 
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stress dimensionless factor for the CCNBD specimens was calculated 0.86, based on the determined 
dimensionless factors. The fracture toughness value was calculated at 1.59 MPa√m for fine-grained 
samples (Ø (average grain size) < 0.5 mm) and 1.09 MPa√m for coarser samples (Ø > 2.0 mm). The 
results for the experiment’s monsonite specimens (presented in Table 2) showed that increasing grain 
size about four times could decrease the fracture toughness value 1.5 more times under static loading. 
Table 2. The static fracture toughness results obtained for four different rock grain types of 
monsonite 
Sample 
ID 
Dimensionless 
factors 
Diameter 
(mm) 
Thickness 
(mm) 
Failure 
load 
(kN) 
Fracture 
toughness 
value 
(MPa√m) 
Grain 
size (Ø) 
(mm) ߙ଴ ߙ஻ 
MOFT1 
0.260 1.034 44.5 23 6.23 1.57 
< 0.5 
0.260 1.044 45 23.5 6.43 1.53 
0.253 1.091 44 24.01 6.54 1.56 
0.258 1.063 44.6 23.7 6.74 1.62 
0.253 1.065 44.3 23.6 6.89 1.69 
Average 0.26 1.06 44.48 23.56 6.57 1.59 
MOFT2 
0.265 1.040 45 23.4 6.14 1.51 
0.5–1.0 
0.264 1.072 44.2 23.7 6.22 1.53 
0.255 1.040 45 23.4 5.89 1.46 
0.260 1.051 44.7 23.5 6.42 1.59 
0.267 1.038 44.3 23 6.15 1.56 
Average 0.26 1.05 44.64 23.40 6.16 1.53 
MOFT3 
0.241 1.047 44.7 23.4 5.23 1.30 
1.0–2.0 
0.258 1.034 44.5 23 5.48 1.39 
0.260 1.056 44.5 23.5 4.89 1.20 
0.262 1.054 44.6 23.5 5.69 1.40 
0.261 1.047 44.7 23.4 5.12 1.27 
Average 0.26 1.05 44.60 23.36 5.28 1.31 
MOFT4 
0.261 1.038 44.5 23.1 4.89 1.22 
> 2.0 
0.258 1.034 44.3 22.9 4.12 1.06 
0.260 1.043 44.1 23 4.31 1.09 
0.260 1.022 45 23 4.25 1.07 
0.258 1.040 45 23.4 4.06 1.02 
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Average 0.26 1.04 44.58 23.08 4.33 1.09 
 
For the static loading test, it was observed that the entire sample experienced sudden failure when the 
applied load reached the critical level; the static failure results are presented in Table 2 above. 
Comparison of the static failure loads of the four rock groups shows that grain boundaries acted as 
the predominant source of extra stress concentration and tensile cracks.  
 
Figure 5. Load versus displacement for the CCNBD static test for fine- to coarse-grained 
monsonite samples 
 
The average fracture toughness value was calculated as 1.59 MPa√m for monsonite with grain size 
less than 0.5 mm, while for coarse-grained specimens (> 2.0 mm), the fracture toughness value 
obtained was smaller (about 1.09 MPa√m, on average). This represented an approximately 31% 
reduction of fracture resistance due to increasing monsonite grain size. In addition, thin-section 
analysis showed that the grain boundaries could be the preferred location for the initiation of 
intergranular cracks within grain boundaries and within weaker grains. Figure 5 shows the load-
displacement curves for the static fracture toughness test (notch direction is parallel to the axial 
loading direction). The under-curve area of the individual plots indicates the amount of fracturing 
energy required to break the CCNBD sample; increasing the rock grain size resulted in extra 
intergranular damage and thus, a smaller under-curve area. Horizontal deformation recorded by the 
CMOD showed that effective post-failure displacement could be larger for coarse-grained rocks and 
resulted in a larger volumetric strain (see Figure 5).  
3.2 Cyclic fracture toughness test 
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Cyclic loading tests were performed by employing WaveMatrix™ integrated software to apply cyclic 
loading function to the CCNBD specimens. As illustrated in Figure 6, a cyclic loading test was started 
by a quick loading ramp-up until contact was made between the sample boundary and loading plate, 
followed by the compressive cyclic loading. 
 
Figure 6. Cyclic loading function modulated by WaveMatrix™: (a) applying 1 Hz cyclic 
loading with 80% amplitude of ultimate tensile strength (UTS); (b) applying 1 Hz cyclic 
loading with 30% amplitude of UTS 
 
The cyclic loop was then returned to the original level by a trapezoidal loading ramp-down. Multiple 
cyclic loops as repetitive loading functions were run until an ultimate failure occurred. The loading 
frequency and amplitude were managed by WaveMatrix™ software, while the number of cycles was 
limited in our tests owing to the restricted functionality of the Instron machine. Combined loading 
models of amplitudes and frequencies were applied to specimens to investigate the influence of these 
on microfracture progressing patterns in the FPZ. All load-displacement curves were monitored 
automatically and recorded to calculate the fracture toughness parameter and to investigate the effect 
of grain size on the obtained results. 1 Hz of frequency and 50% amplitude of UTS were applied for 
five rock groups under the cyclic loading test. An amplitude multiplier function was employed to 
apply the desired amplitude into WaveMatrix™, which was calibrated after conducting a trial cyclic 
test. The tension-softening behaviour of four monsonite groups (grain diameter ranging from 
Ø < 0.5mm to Ø > 2.0mm) in cyclic loading was obtained and compared with various loading tests. 
Identical configurations of sample geometries were used for static and cyclic loading tests, while 
considerably different CMOD responses were monitored under cyclic loading (see Figure 7).  
(b) 
(a) 
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Figure 7. Results of the experiment’s cyclic loading tests conducted for fine-grained 
(Ø < 0.5 mm) to coarse-grained (Ø > 2.0 mm) monsonite samples 
 
The measuring of full crack displacement indicated a reduction in the monsonite strength associated 
with excessive plastic deformation for larger-grained specimens (1.0 mm < Ø < 2.0 mm and 
Ø >2.0 mm), as depicted in Figure 6. In addition, the results showed that measured failure loads with 
cyclic loading tests were decreased by approximately 35% compared to the static loading tests. Plastic 
deformation was almost doubled by applying cyclic loading. The tension softening could be achieved 
by sliding microfracture surfaces and frictional interlocking between rock particles, while the results 
indicated that the typical fracturing strength of rocks decreased for coarser specimens.  
Observation of failure plans revealed that grains in monsonite sample were separated symmetrically 
and two type of damages could be seen on the failure surfaces: ‘microsliding’ and ‘microcrushing’ of 
grains. Microsliding at the grain boundary caused the generation of larger flaws and resulted in a 
larger deformation (see Figure 7). The maximum crack deformation exhibited in the damaging 
behaviour of samples was measured in average value for the tested specimens under static and cyclic 
tests and are summarised in Table 3. This indicates that coarser samples with grain sizes larger than 
2.0 mm showed 48% extra linear dilation (in only one direction, along the CMOD measuring axis) 
compared with 19% extra plastic deformation with finer grain sizes (Ø < 0.5 mm). The relationship 
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between the tension-softening behaviour and loading types indicated that a longer FPZ could be 
anticipated for coarser samples, which is an interesting finding for studying FPZ and ligament 
connection with respect to rock grain size. The slip-weakening behaviour was not addressed by 
typical fracture toughness tests; the outcomes of this study suggest that grain size must be considered 
for studying rock fracture mechanics.  
Table 3. Average plastic deformation of monsonite samples under tension-softening behaviour 
Grain size  
(mm) 
Sample ID Average plastic deformation 
(mm) 
                    Linear dilation   
                  (%) 
Static loading Cyclic loading  
Ø < 0.5 MOFT1 0.31 0.37 19.35 
0.5< Ø >1.0 MOFT2 0.45 0.59 31.11 
1Ø >2.0 MOFT3 0.67 0.94 40.30 
Ø >2.0 MOFT4 0.83 1.23 48.19 
 
J-integral concept, as the fracture energy, is related to the critical energy of the tension-softening 
behaviour of rock. The tension-softening curves can be used directly for a mathematical approach or 
numerical modelling. The failure mechanism pertains to stored energy in the rock during the cyclic 
loading test and the unloading process. The results of the experiment showed that a distinctive form 
of microfractures developed under static and cyclic loadings. Thin-section observations also 
confirmed that under cyclic loading, three modes of damage, which are the main causes of cyclic 
failures, were detected: microcracking, microsliding and microcavity.21 The mechanical parameters 
obtained from cyclic and static tests could be used to determine damage variables to measure the 
microstructure and microfracture properties of a rock for developing the damage function under 
applied loading conditions. The general finding from the cyclic loading tests revealed that not only 
increasing the loading frequency resulted in the strength degradation of the rock but also the grain 
size of the rock contributed to controlling the microfracturing mechanism. As shown in Table 3, the 
CMOD for the coarse-grained specimens (Ø > 2.0 mm) reached 0.83 mm of post-failure deformation, 
while for the fine-grained samples (Ø < 0.5 mm), the maximum CMOD showed 0.3 mm deformation. 
Fracture toughness was determined for all samples for cyclic and static tests, summarised in Table 4. 
Accordingly, the maximum fracture toughness value under cyclic and static tests was obtained—
1.59 MPa√m and 1.78 MPa√m for MOFT1 (fine-grained), respectively. 
In addition, a 1.09 MPa√m fracture toughness was obtained for coarse-grained monsonite samples 
under cyclic loading and 1.12 MPa√m for samples under the static test. The comparison between 
static and cyclic tests indicated a 31% reduction of fracture toughness value from applying cyclic 
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loading tests. Therefore, it was concluded that the grain size of a rock is the critical factor that 
influences fracturing resistance and must be considered for fracture mechanics studies in rocks. 
Table 4. Fracture toughness for samples of various grain sizes under static and cyclic loading tests 
Grain size (mm) Sample ID Fracture toughness (CCNBD) MPa√m 
Cyclic loading Static loading 
Ø < 0.5 MOFT1 1.59 1.78 
0.5 < Ø > 1.0 MOFT2 1.53 1.47 
1.0 < Ø > 2.0 MOFT3 1.31 1.48 
Ø > 2.0 MOFT4 1.09 1.12 
 
The specific fracture energy is defined as the applied energy for creating stable/quasi-stable fractures. 
Although standard methods are available for determining the fracturing properties of rocks, specific 
fracture energy is one of the practical tools in fracture mechanics study that is not extensively 
discussed in standard experimental methods. Rocks are heterogenic material; therefore, fracture 
branching, zigzag cracking and intra- and inter-grain cracking occur actively near the chevron crack 
tip. This so-called softening behaviour in the FPZ can be expressed in terms of local strain energy at 
the crack tip and used to compare the macro-fracture or microfracture energy spent in developing 
fractures under cyclic loading. By considering the aforementioned facts, it seems that the LEFM 
cannot provide a meaningful history of fracturing behaviour, especially with heterogenic or 
anisotropic rocks. Therefore, X-ray scanning observations were used to characterise the patterns of 
FPZ extensions for all monsonite samples. The effect of grain size variation was considered 
numerically by performing different numerical models with different porosities and particle radius to 
represent the internal structures of monsonite samples. The population of microcracks was identified 
for coarser- and finer-grained samples by employing numerical discrete element modelling and the 
results were compared with the post-image processing results. 
4. Discussion and data analysis 
4.1 Discrete element model 
Generally, rocks as granular material show non-linear behaviour such that the mechanical behaviours 
are dependent on rock density, particle strength, bounding resistance and stress history. Grains in 
rocks can carry only a finite amount of load; thus, the structure of the rock and the grains’ shapes and 
diameters have an influence on the micromechanical properties of rock particles, resulting in 
variations in deformability and in the cohesive properties between particles. It is then concluded that 
macroscopic failure of granular material is controlled by the creation and deformation of 
microfractures, with the PFC used to investigate the localised microdamage by determining the 
quantity of tensile and shear cracks at grain boundaries and through the entire model. In the distinct 
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element method (DEM), which was proposed by Cundall and Strack (1979),34 the equilibrium contact 
forces and deformation in the model can be calculated individually, based on Newton’s second law, 
as below: 
ܨ = − ௔
௥೘
൅ ௕
௥೙
           
 (3) 
where the parameters ܽ , ܾ , ݉  and ݊  are the constant numbers, depending on the bonding type between 
rock grains, and ݎ is the average distance between particles.  
The contact-stiffness of the physical behaviour of all ball-shaped materials in DEM is described by 
two types of bonding properties: contact bond and parallel bond. These two models in PFC reproduce 
the effect that an adhesion forces over a small area of a ball’s contact point. For modelling the parallel 
bonding, the effect of additional material can be reproduced by considering the effective stiffness 
properties. A contact bond provides a contact point with a normal tensile force and shear contact force 
between two particles. This model can be used for simulation of geomaterial behaviour and if the 
magnitude of tensile or shear contact forces exceeds the respective critical force between the balls, a 
failure can be formed.35 The interaction between rigid balls can be modelled by using the concepts of 
springs, dash-pots and non-extension connections, as shown in Figure 8.  
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Figure 8. Particle interactions associated with shear and normal stiffness components in distinct 
element methods, including springs, dash-pots and non-extension elements: (a) compression model; 
(b) tensile model 
 
In the proposed model,35 normal forces (ܨ) is related to the average secant normal stiffness (ܭ௡)  
between two particles (ܣ andܤ) obtained as: 
ܨ௜௡ =
௞೙
ሾಲሿ௞೙
ሾಳሿ
௞೙
ሾಲሿା௞೙
ሾಳሿ ܷ௡݊௜           (4) 
Shear force can be calculated in a similar way by considering the shear force components ( ௜ܷ௦) and 
tangential shear stiffness (ܭ௦) by 
∆ܨ௜௦ = −
௞ೞ
ሾಲሿ௞ೞ
ሾಳሿ
௞ೞ
ሾಲሿା௞ೞ
ሾಳሿ ∆ ௜ܷ௦          
 (5) 
For calibration of numerical models, the following assumptions were made: 
- All particles of monzonite samples were considered rigid bodies. 
- Contacts were only considered at the spherical particle contact forms. 
- Cluster bonds were considered breakable and all individual particles were modelled as 
permanent unbreakable materials. 
- The void ratio of the particle was obtained after a trial simulation for a monsonite sample. 
Monsonite specimens were modelled by an initial friction coefficient (ݐܽ݊߮ = 0.28), which was 
calculated from the failure angle of the UCS-tested specimen and applied for circular ball resistance. 
The results of the standard UCS and BTS tests were used to determine the initial friction coefficient, 
failure angle and cohesion strength, to regulate whether the micromechanical parameters of the 
numerical models were set correctly. The initial porosity was considered ݊଴ = 0.35, but numerical 
models showed that most of the points were not fully contacted or consolidated. In contrast, the model 
was determined very dense at ݊଴ = 0.20, and it took more computational time and required excessive 
allocated memory, especially for the cyclic tests. Initial stress and boundary conditions were applied 
by adjusting the particle density and setting the failure load at 44.48 kN and ݐܽ݊߮ = 0.28 
(߮, resistance friction angle of particles). Numerical modelling results, which were created based on 
various porosity values, revealed that ݊଴ = 0.30 was an acceptable value, as unbalanced forces were 
converged within a reasonable computational time.  
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Density (kg/cm3) 2750 
Porosity  0.25 
UCS (MPa) 149.55 
Indirect tensile 
strength (MPa) 
7.62 
Fracture toughness 
Mode I (MPa√݉) 
1.59 
Normal particle 
coefficient, kn 
(N/m/m) 
6×108 
Tangential particle 
coefficient, ks 
(N/m/m)  
6×107 
Damping criterion 
mode  
Critical damping 
mode 
Resistant frictional 
angle ∅ఓ (deg.) 
Tan ∅ఓ=0.28 
 
Figure 9. Calibration results determined by trial numerical models to achieve constant unbalanced 
forces in Brazilian and CCNBD models 
 
An advantage of DEM numerical modelling is its capability of retrieving a number of tensile and 
shear cracks before and after peak failure load. Rocks can be represented as a pile of assembled 
bonded particles; any separation of bonded particles is translated as a crack in PFC modelling. In 
DEM analysis, the complex evolution of a failure pattern is reduced to integrated explicit particle 
movement at a bonded contact point, the results of which can be shown in the form of tensile or shear 
cracks. Figure 10 illustrates the numerical results for the Brazilian and CCNBD tests that were created 
based on the maximum and minimum particles size of monsonite samples. The initiation of crack 
growth was defined by the Mohr-Coulomb criterion and the initiation parameters were set based on 
the mechanical and physical tests. For the samples that contained fine-sized particles (Ø < 0.5 mm), 
after the axial strain reached the critical level, several tensile cracks started to propagate in the 
direction of the maximum loading, while few shear cracks were observed at the contact points (top 
and bottom of the sample). However, for the coarser model (Ø > 2.0 mm), after the yielding stage, 
multiple shear cracks were determined along the chevron notch and some scattered cracks along the 
grains (see Figure 10).  
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Figure 10. Development and orientation of tensile cracks (blue) and shear cracks (red): (a) 
and (c) CCNBD model and Brazilian model for fine-grained monsonite; (b) and (d) coarse-
grained monsonite 
 
In addition, tensile cracks were found around the direction of axial loading, but stress rotation and the 
micro-dislocation of grains in the coarser model was the main cause of excessive tensile and shear 
cracks (see Figures10(b) and (d)). Figure 10 indicates that clusters of cracking were generally formed 
within a narrower pattern in the fine-grained sample compared to the coarser model. Table 5 provides 
the total numbers of cracks, including shear and tensile crack, determined by the numerical modelling. 
Table 5. Comparison of tensile and shear cracks for various rock grain sizes in the Brazilian 
modelling 
 
Table 6. Comparison of tensile and shear cracks for various rock grain sizes in the CCNBD 
modelling 
Grain size 
(mm) 
Normal 
forces (kN) 
Total number of 
cracks 
Tensile number of 
cracks 
Shear number of 
cracks 
Ø < 0.5 24.92 220 212 8 
0.5 < Ø < 1.0 23.04 234 224 10 
1.9 < Ø < 2.0 23.24 241 229 12 
Ø > 2.0 20.72 256 234 22 
(c) (d) 
(a) (b) 
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4.2 
Strain energy approach 
The characterising of strain energy release (dissipation rate) was used to describe the brittle failure 
mechanism for monsonite samples, which generally required establishing a constitutive relationship 
between the micromechanical properties of the rocks and the external forces. The concept of strain 
energy is fundamental in fracture mechanics because it controls energy balance at the crack tip and 
allows the formation of new fractured surfaces through the rock body. According to the above 
discussion on developing a microfracture-processing zone, the FPZ is partially taken into account to 
consider the strain energy amount and the rest of the strain energy can be stored in intact until it 
reaches the critical level. Thus, grain size not only affects the FPZ but it also influences the total strain 
energy in a rock body.  
To examine the effect of grain size on the fracture mechanism, the ratio of local to entire strain energy 
(the ratio of strain energy (ܬ) in elements at the chevron tip of the CCNBD sample to the total energy 
of the CCNBD specimen) was numerically calculated for all the monsonite groups and the results 
were compared. Figure 11 illustrates the strain energy approach to describe the effect of grain size in 
fracture propagation behaviour for monsonite samples under static and cyclic failures.  
   
 
Figure 11. Ratio of local crack tip to total strain energy in a CCNBD model under static 
and cyclic tests of various grain sizes 
Grain size 
(mm) 
Normal 
forces (kN) 
Total number of 
cracks 
Tensile number of 
cracks 
Shear number of 
cracks 
Ø < 0.5 6.78 110 108 2 
0.5 < Ø < 1.0 6.34 121 117 4 
1.9 < Ø < 2.0 5.47 134 121 6 
Ø > 2.0 4.82 138 128 10 
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The energy ratio (ܬ௧ ܬ்⁄ ) in the vertical axes (see Figure 11) indicates the ratio of average strain 
energies obtained from elements located at the crack tip to the strain energy of the entire model 
presented in Figure 11. This method of analysis can describe the FPZ change at the crack tip 
accurately, based on the strain energy and grain size. The curve shows that the critical grain size for 
monsonite was around 1.0 mm. This means that for both static and cyclic failures, the energy ratio 
(ܬ௧ ܬ்⁄ ) was dramatically decreased by increasing the average grain size to larger than 1.0 mm. The 
energy ratio of the coarser samples reached 0.60 and 0.78 under cyclic and static failures, respectively. 
In addition, the strain energy ratio (ܬ௧ ܬ்⁄ ) for static failure was almost 30% greater than that for cyclic 
failure, as can be seen in Figure 11. 
 
4.3 Image processing and microfracture morphology analysis 
The tested samples were scanned by X-ray facilities at Julius Kruttschnitt Mineral Research Centre 
in the University of Queensland to investigate the fracture propagation and microfracture distribution 
patterns of the specimens. All the samples of the selected rock groups were scanned individually by 
the SkyScan device, with a voxel resolution of 10 μm. The ScanIP software36 was used for statistical 
analysis and characterised the density of microfractures in the FPZ. Certain levels of noise were 
observed in the data, which the Recursive Gaussian filter 36 was used to smooth all unnecessary noises 
that produced by dusts or crushed particles. Computed tomography (CT) scan images were obtained 
for the FPZ (the region ahead of the notched crack) and representative two-dimensional images were 
created for the FPZ regions.  
For the segmentation process, threshold algorithms were used to create data that could be considered 
easily for the each material zone in an image sample and the segmentation results were used for the 
measurement and quantification of microfractures in the FPZ.36 The pixels of rock grains, tensile 
cracks and intact rock body were assigned with unique greyscale values of voxel data for each 
specimen. The greyscale digital imaging techniques were composed exclusively of shades of grey, 
including high to low density of digitised data, from white to black shades (threshold algorithm).36 In 
our CT scan images, each pixel represented 0.01 mm, which was used for post-processing and 
statistical analysis of the microfracturing FPZ. Additionally, the pixel threshold and grey levels were 
applied to regulate microfracture trace in thin-section samples and separate weathered zones from 
generated microcracks.  
To simulate the real cracks in the FPZ, triangular elements were used because of their better fit within 
the angular shapes of cracks and rock grains. Two different algorithms can be used to detect the all-
angular shape of geometries: curvature detection and contour detection.36 In this study, the curvature 
detection algorithm was used, as it was suitable for all geometry, especially for angular shapes and 
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irregular zigzag patterns. The pre-processed and post-processed images for a representative sample 
of four rock groups are shown in Figure 12. 
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Figure 12. Pre-processed raw image data (thin-section analysis) and post-processed image data (voxel 
analysis) results of the FPZ region around the chevron crack tip for all monsonite groups under static and 
cyclic loading tests 
 
In all the models of the processed images, the small area at front of the chevron crack tip was selected, 
since this area was influenced the most by stress corrosion and was considered the origin for the 
initiation and propagation of tensile microfractures. It should be noted that weathered zones were 
detected in images presented in Figure 12 and removed from fracture analysis process, as they were 
not created by applied mechanical forces. The subtraction process of weathered from unweathered 
regions can be performed by using the segmentation process in ScanIP. Another significant outcome 
implied that vein patterns in parallel microfractures appeared under the static loading test for fine-
grained samples. Figure 12 depicts a significant number of parallel and scattered microfractures in 
the FPZ under cyclic tests with coarser-grain specimens (cyclic loading and particle diameters 
Ø > 2.0 mm). As the results of the processed images show, the level of damage was increased by 
increasing grain sizes or by applying cyclic force. As can be seen in Figure 12, the scatter fracture 
pattern and zigzag-edged cracks were attained for samples with grain size larger than 1.0 mm. Static 
failure models can result in creating sharp, parallel-oriented microfractures compared with the 
irregularly distributed fractures created under cyclic failure (see Figure 12).  
Voxel statistics analyses were performed on the processed images, obtained initially by ScanIP.36 In 
the voxel analysis, three groups of elements were carefully attributed to fractured zone, rock intact 
body (matrix) and weather or natural flaws. Table 7 presents the voxel analysis results of cracked 
surfaces for three parts of each representative model of monsonite samples, obtained from statistical 
analysis by employing the ScanIP image processor.36 
Table 7. Statistical results of processed image results under static and cyclic loading tests 
Rock grains size (ave) Voxel counts Crack surface (mm3) 
Rock 
matrix 
Rock 
grains 
Tensile 
cracks 
Rock 
matrix 
Rock 
grains 
Tensile 
cracks 
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Ø <0.5 mm 
Static 
45264 5824 3147 
9.14E+0
4 
1.55E+0
4 9.79E+03 
Cyclic 
45300 5820 3150 
2.20E+0
5 
1.12E+0
5 2.81E+04 
0.5 mm < Ø < 
1mm 
Static 
46750 13132 1100 
9.44E+0
4 
4.54E+0
4 3.81E+03 
Cyclic 
46800 13100 1100 
1.01E+0
5 
5.10E+0
4 1.09E+04 
1 mm < Ø < 2 
mm 
Static 
47628 8390 3922 
9.61E+0
4 
2.02E+0
4 1.12E+04 
Cyclic 
47600 8390 3920 
1.01E+0
5 
6.21E+0
4 1.34E+04 
Ø >2 mm 
Static 
48192 20890 11692 
9.73E+0
4 
4.64E+0
4 2.95E+04 
Cyclic 
48200 20900 11700 
9.88E+0
4 
6.37E+0
4 3.06E+04 
 
The results in Table 6 show a remarkable correlation between the microfracture areas and voxel 
counts of damaged zones that were determined under cyclic and static failures. The voxel ratio of 
tensile cracks to rock matrix (intact body) was 1.07E-01 for finer samples (Ø < 0.5 mm), while the 
ratio 3.10E-01 was obtained for coarser samples (Ø > 2.0 mm). In addition, the area of fractured 
surface under cyclic failure was found to be 2.5 times wider than under static failure; for coarser 
monsonite samples, this difference was not significant. It was concluded that the internal structure of 
the rock could be more complex in coarser rocks; therefore, for polyphase formations, complex stress 
conditions and the strength of individual grains or particles must be taken into account.  
The experimental method of characterisation of fracture surface used in this study can be attributed 
to explain the microfracture patterns and degradation properties of rocks under the external or internal 
factors. The FPZ morphology of the tensile fracturing would provide valuable information regarding 
the pattern of fracture initiation and propagation in rocks. The fracture surface histograms37 also 
provided useful information to compare the effect of loading types and the role of grain size. ImageJ 
software37 was used to translate the processed images data into the histogram results of representative 
samples. The profiles of cracked surfaces were studied by obtaining the fracture pixels’ numbers in 
the FPZ and presenting them in the x, y and z axes for representative samples, as illustrated in Figure 
13. The findings of the image-processing results indicated that the development of crack chains could 
be observed as a localised fractured zone in cyclic failure, while for static failure, interfacial and long 
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connected cracks were formed. Meanwhile, tensile cracks could penetrate into the rock matrix under 
cyclic loading, but development through the grains could be seen in static failure. This phenomenon 
can be seen as a parallel morphology of fracture extensions with static failure compared to cyclic 
tests.  
Examination of the fracture surface and the morphology of the FPZ showed a significant difference 
in the fracture patterns achieved under cyclic tests. Increasing the grain size up to 2.0 mm resulted in 
further roughness of the fracture surface in the FPZ (a larger pixel amount on the ݔ, ݕ and ݖ axes), 
compared with a smoother surface (smaller pixel amount on the ݔ, ݕ and ݖ axes) for finer-grain 
samples (see Figures 13(c) and (d)). A clear demarcation of tensile microfracture regions could be 
observed with coarser samples (see Figure 13(d)), which can be referred to as wavy morphology and 
deeper cracked valley FPZ.  
 
Figure 13. Image pixel analysis (for approximately 20 mm×20 mm) for the FPZ in front of 
the crack tip, including distribution patterns of microfractures for different monsonite 
samples: (a) rock grains less than 0.5 mm; (b) grain size 0.5 mm–1.0 mm; (c) grain size 
1.0 mm–2.0 mm; (d) grains larger than 2.0 mm 
 
These parallel patterns of microfracture veins had an obvious direction of extension along the 
maximum tensile stress in fine-grained samples (see Figure 13(a)), while for larger grains, radiation 
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and scattered vein patterns were dominant characters in the FPZ (associated with multiple fractures 
around the tough grains, as shown in Figure 13(d)). The profile images of tested specimens also 
indicated that in fine-grained specimens, tensile cracks were positioned vertically compared with 
randomly distributed cracks in coarser specimens. 
Conclusion 
Based on the detailed laboratory experiments and fracture toughness tests carried out for four 
monsonite groups, the following conclusions were drawn: 
1. The degradation of monsonite samples with the cyclic loading test represented a dynamic 
process in rock fracturing that depended considerably on the frequency of the cyclic applied 
forces. Increasing the cyclic loading frequency from 1 Hz to 10 Hz caused 35% of the ultimate 
strength of the CCNBD specimens. Fracture toughness values of 1.50 MPa√݉ and 
1.09 MPa√݉ were obtained for the fine- and coarse-grained rocks with the static tests, and 
1.78 MPa√݉ and 1.12 MPa√݉ under the cyclic loadings. 
2. DEM numerical modelling was performed to determine the ratio of local energy in the FPZ 
to the total energy of the whole model. This ratio was used to explain different external and 
internal factors on the fracturing behaviour of the monsonite samples. A small number of 
elements from the region ahead of the chevron crack tip were selected and the history of 
energy results were plotted versus the grain sizes. The numerical analysis showed that by 
increasing the grain size, a significant reduction was observed in this energy ratio. The 
findings of the energy ratio studies indicated that the size effect must be considered in rock 
fracture mechanics, especially when the rock samples have coarser textures. 
3. Counting the tensile cracks obtained from numerical modelling was performed in this study, 
as a useful tool for studying the patterns of microfractures. The numerical studies revealed 
that the number of tensile and shear cracks increased by increasing the grain size; this was 
more tangible for the grains that were longer than 1.0 mm. 
4. The image-processing technique was employed to quantify the microfracture area in the FPZ 
for both static and cyclic loadings. This method was applied for several FPZ profiles to 
identify the consistencies of fracture patterns and effective area of the FPZs. Observations 
showed that crack surfaces were obtained at 9.14E+04mm3 for fine-grained samples under 
static failure and 9.88E+04mm3 for coarse-grained specimens. It was revealed that by 
increasing the grain sizes, wider fracture surfaces could be expected. A threshold algorithm 
was employed through the image processing to distinguish between the fractures from the 
weathered and intact parts of the samples.  
5. It was observed that microfractures tended to move around the grains and produce multiple 
fracture channels and radiating vein patterns in coarser specimens (Ø > 2.0 mm). However, in 
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fine-grained specimens, fracture surfaces with a smoother texture and relatively parallel veins 
were created by static loading. 
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ABSTRACT: In Brazilian test, applied diametrical compression stress induces indirect tensile 
stresses normal to the vertical plane crossing through the rock disc and the ultimate failure occurs at 
the place where the maximum tensile stress is concentrated. The mechanical behaviour of rock with 
pre-existing cracks under static loading has been studied widely. In this study, the fracturing 
behaviour of Brisbane Tuff, under static and cyclic loading has been analysed applying an ISRM 
standard Cracked Chevron Notched Brazilian Disc (CCNBD) geometry. Specifically, X-ray 
Computed Tomography (CT) techniques have been used to investigate the fracturing behaviour of 
rocks under static and cyclic loading. The fracturing behaviour of rocks technically depends on the 
nature of loading, strength of mineral and text of rocks. Laboratory observations demonstrated that 
there is a distinct difference in fracturing between the static and cyclic loading. It was found that the 
cyclic loading had an important effect on micro-fracture propagation through the Fracture 
Propagation Zone (FPZ). 
1. INTRODUCTION 
Rock cutting is a common rock breakage, or excavation mechanism in tunneling, mining, well drilling 
and road construction projects. Understanding of rock brittle failure and propagation of cracks under 
the applied cutting loads is significant for rock engineers to investigate cuttability, crushing effect 
and production efficiency in rock fragmentation process. A considerable amount of literature has been 
published in rock fracture modeling, however, large amounts of the research have been published 
based on the experimental and mathematical models developed based on the elastic fracture 
mechanics. The first prediction model was established based on the maximum tensile stress theory 
by Evans [1]. Later, Roxborough and Philips [2] modified Evans model for various rocks and found 
correlation between the rolling forces, disc diameter, edge angle and penetration rate. According to 
the experimental studying, brittleness index was established as a function of uniaxial compressive 
and tensile stress [3]. Alehossien and Hood [4] proposed a linearized dimensional model to predict 
rock cutting forces based on the linear model. Non-linear and multi-linear predictive model were 
suggested by Tiryaki [5]. Amongst the different models of cutter tools, drag picks are more efficient 
as they attack rock in the tension mode and undercut by the lower magnitudes of forces compared to 
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the shearer or compressive cutters. Rock cutting and fragmentation is essential for rock breakage 
process and forming different sizes of fragments, chips and particles during the rock excavation. As 
most rocks are weaker under tensile loading, applying tensile stress for rock breakage is the premise 
for new cutters. Moreover, rock initial flaws and cracks are locations for stress concentration, and 
play an important role for further fracturing and damage by coalescence and propagation. In brittle 
fracture mechanics, stress intensity factor and critical fracture toughness are the most fundamental 
parameters used for determining fracture propagation, energy release rate, and crack extension 
driving forces. Typical brittle fracture in rock is characterized by compressive or tensile tests, and 
post-failure behavior can be explained as the brittleness index for rock. However, under cyclic 
loading, the fatigue life of rock depends upon both frequency and amplitude of the cyclic loading [6-
8]. Crack tip characteristic parameters are generally governed by the crack tip stress components and 
displacement functions to determine crack propagation analysis. The critical fracture toughness can 
be obtained experimentally according to the suggested methods of International Society for Rock 
Mechanics (ISRM) in a different ways that listed and compared in Table 1. 
Table 1. Different standard methodology for measuring rock fracture toughness parameters 
Test Method Fracture 
Mode 
Sample Size Loading 
Condition 
Test Set-up 
Short Rod I small tensile complicated 
Chevron Bend I long 3 point bending complicated 
Cracked Chevron 
Notched Brazilian 
Disc 
I , II small 
diametral 
compression 
simple 
Straight Notched 
Semi-Circular 
Bending 
I, II small 
3 points 
bending 
simple 
Punch Through 
Shear 
II small 
triaxial 
compressive 
complicated 
Cracked Chevron 
Notched Brazilian 
Disc 
I , II small 
diametral 
compression 
simple 
 
In linear Elastic Fracture Mechanics (LEFM), the crack tip and deformation, displacement and stress 
distribution are characterised by a single parameter which is called stress intensity factor, KIC [9]. In 
general, the crack tip can be subjected to different modes of fractures, such as; normal pure tensile 
stress, sliding mode or in-plane shear stress and tearing mode or out-of-plane shear stress. Fracture 
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mechanics assumes that a crack can deform in three basic modes includes tensile opening (mode I), 
in-plane shear (mode II) and out-of-plane tearing (Mode III). Proposed LEFM fracturing models are 
developed based on the response of a crack to the loading on the fracture tip in terms of displacement 
[10, 11]. In mode I, so-called tensile mode, the crack exhibits displacement perpendicular to the crack 
plane so two surfaces open up and separate from each other vertically depicted in Fig 1. Crack 
propagation direction is in its plane. Mode II corresponds to edge sliding and the crack faces move 
relatively to each other in the crack plane parallel to the direction of crack (Fig1). In Mode III or 
tearing mode, the crack faces move relative to each other so the displacement of the crack surfaces 
are in the crack plane but parallel to the crack front (Fig 1). There are different methods for calculation 
of stress intensity of crack’s tip with zero crack tip radius [12-14]. 
2. SAMPLE PREPARATION 
Rocks are brittle materials and generally are weak in tension; therefore, mode I (tensile fracturing) is 
the critical fracture mode among the other modes. Fowell  [15] suggested the Crack Chevron Notched 
Brazilian Disc (CCNBD) which has been incorporated into a standard testing method for 
measurement rock fracture toughness value by the International Society of Rock Mechanics (ISRM). 
The geometry of the CCNBD specimen is illustrated in Fig 1. 
 
Fig. 1. Configuration of the CCNBD sample according to the ISRM suggested method  
In this standard test to measure rock fracture toughness, ܽ଴ and ܽଵ are the initial and final chevron 
notch lengths, respectively. Specimen width is shown by ܤ and ܴ  is the sample radius. All dimensions 
should be satisfied by a configuration that was given by ISRM to have a precise result. Three 
important dimensionless parameters for CCNBD test area: ߙ଴ dimensionless initial chevron crack 
length ((ܽ଴ ܴ⁄ ), ߙଵ dimensionless final chevron crack length (ܽଵ ܴ⁄ ) and ߙ஻ = (ܤ ܴ⁄ ). Valid 
geometrical ranges for CCNBD test was suggested by ISRM [15]. In order to achieve valid results, 
there are two important dimensions, that is, notched crack length αଵ and the ratio of specimen 
thickness to diameter α୆ that must fall within the ranges outlined in ISRM suggested method [15]. In 
this study, the geometry of tuff disc-shaped CCNBD samples were selected as;  B=25mm, α଴=8mm 
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and αଵ=18mm. All selected dimensions for the geometry of specimens in this study were valid based 
on the ISRM suggested method. An Instron loading machine with a capacity of ±150 kN (+/- 25,000 
kgf, +/- 56,000 lbf) was used for static and cyclic loading tests. An Instron 2670-132 series Crack 
Opening Displacement (COD) gauge was used to measure the crack mouth displacement, which the 
optimum length of travel was 4mm. The length of COD gauge was 10mm which is set up and mounted 
in CCNBD specimen according to the British Standard BS 5447 and American standard ASTM 399 
70T. 
3. FRACTURE PROCESS ZONE (FPZ) 
The onset of micro-fractures has significant effect on the macro-fractures behaviour of rocks 
consequences in deterioration of elastic properties, induced mineral anisotropy, volume dilatation and 
plastic strain. Experimental works have been conducted on inclined cracks angle or multiple fractures 
to measure stress-strain behaviour of a loaded rock to the opening and closing of Griffith cracks. In 
brittle material such as rock and concrete, a fracture system consists the Fracture Process Zone (FPZ), 
which is initially proposed by Atkinson and later developed by Ba and Kazemi [16]. In this research, 
FPZ concept was modified and proposed for CCNBD samples (under the cyclic loading) as shown in 
Fig 2. 
 
Fig. 2. Nomenclature of FPZ and progressive fracture zone for CCNBD specimen 
FPZ zone includes micro-cracks and meso-cracks, which emerged prior to the main fracture growth 
or extension and ultimately coalescence to macro-fractures at the failure stage. Another type of the 
fracture that propagated from the meso-cracks or macro-cracks is called branched crack. According 
to the proposed model for fracture process zone [17], maximum normal stress has good agreement 
with laboratory results however, other researchers proposed a cohesive crack model [18, 19]. Most 
of the developed models attempt to provide formulation based on the size and shape of the process 
zone by assuming that inelastic fracture propagation takes place when the local tensile component 
stress reached the maximum tensile strength of rock material. In experimental tests, measuring Crack 
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Mouth Opening Displacement (CMOD) have been used to determine possible zone of FPZ in front 
of the crack tips that same methodology was used to calibrate the numerical modeling for fracture 
propagation in waste materials [20]. This fracture process zone can be seen clearly when the test is 
conducted for CCNBD test with the vertical notch crack, thus for other notch inclinations, plastic 
deformation hardly takes place before ultimate failure [7].  
4. FPZ IN CYCLIC AND MONOTONIC LOADING  
As discussed earlier, nucleation of micro-fractures are the initial and main reason of fracturing in 
brittle rocks. The Computerized Tomography (CT) scan tool provides a clear vision of emerging 
micro-cracks and microstructures by focusing on FPZ zone, which includes micro-fractures. At the 
micro-scale level of material properties, fracture happens by the separation of the bonded surfaces 
into one or more parts. Dislocation of micro-fractures pile-up in different ways for different rock 
types. Stress concentration at the tip of the fractures, results in bond dislocations expanding preferably 
under two styles of fracturing; trans-crystalline and inter-crystalline cracks [21]. All those 
dislocations occur by micro-fracturing which in turn leads to inelastic intergranular (intercrystalline 
cracks) and intragranular (trans-crystalline cracks) brittle fracturing (Fig4). However, other internal 
micro-fractures like cavities and voids can also cause dislocations to be piled-up during the loading 
[22]. The obvious difference in fracturing of specimens tested under static loading and cyclic loading 
can be seen in Fig 3 and 4. For instance, symmetrical fracture surfaces were seen in failed specimen 
tested under static loading. However, excessive dust and small particles were observed in failed 
specimen tested under cyclic loading. 
 
 
Fig. 3. Comparison between the transcrystalline and inter-crystalline cracks, (a) static loading and (b) 
cyclic loading 
5. EXPERIMENTAL RESULTS 
5.1. Computerized Tomography (CT) Scan 
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CT-scan techniques were developed for medical experiments and provide a different form of images 
known as cross-section digital images based on the absorption of X-rays passing through the material 
particles. In this research samples were tested by CT scan facility at the University of Queensland, 
Julius Kruttschnitt Mineral Research Centre (JKMRC). The X-ray detector accumulates all the energy 
of the transmitted photons and provides the numerical data to be used in reconstructing an image. For 
each head, 1500 views of the sub-sample were taken over 360° rotation. Each sample was placed 
vertically within the scanner so that the X-ray intersected the sample perpendicular to it longitudinal 
axis. Once the scans were finished the collected raw data (the series of rotating X-ray images) were 
reconstructed with an ultra-high resolution noise reducing filtered back-projection. For the SkyScan 
1172 the X-ray micro focus tube with 8 µm focal spot operates at 20-80kV and 100µA current while 
the source working at 20-100 kV and 0-250 µA has a 5 µm spot size. The special X-ray CCD camera 
is based on a 4000×2300 (10Mp) or 1280×1024 (1.3Mp) cooled CCD sensor with fibre optic coupling 
to the X-ray scintillator. This detector accumulates all the energy of the transmitted photons and 
provides the numerical data to be used in reconstructing an image. For each head, 1500 views of the 
sub-sample were taken over 360° rotation. Each sample was placed vertically within the scanner so 
that the X-ray intersected the sample perpendicular to it longitudinal axis. 
 
5.2. Effect of Cyclic Loading  
 
Failure mechanism in rock is strongly influenced by loading nature. Brittle and especially hard rocks 
undergo fatigue cracking when they are subjected to cyclic loading [7, 23, 24]. In this research, a 
Brazilian test was performed because Brazilian samples are more sensitive to micro fracture 
propagation under the cyclic loading than the uniaxial compressive test; implying that rock will 
experience more reduction in tensile strength and cyclic loading will be dropped compared to the 
monotonic loading. In cyclic loading, continuous plastic strain accumulates during the loading and 
damages is more tangible compared to the static loading. This behaviour can be proved by producing 
more dust and fine-grained fragmentation of rock after ultimate failure as shown above in Fig 4. 
Experimental investigations revealed that softening post-failure behaviour of rock completely 
depends on the cyclic loading path and energy amount absorbed in rock. It is striking that CT-scan 
observations exhibited fairly different patterns of fracture propagation in cyclic loading. However, 
fracture mode I and sample configurations were similar in both static and cyclic loading, but a lot of 
meso-fractures emerged in cyclic loading. It was seen that in cyclic loading distributed microfractures 
spread out in front of the CCNBD crack compared to the monotonic loading. This difference might 
be explained from the branching and emerging new microfractures and modes of rock stiffness 
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degradation under the cyclic loading. However, the other obvious mechanism of fracture propagation 
is the length of fractures, which the crack geometry in cyclic loading are not continuous but more 
branching and overlaps produced. CT-scan images can show discontinuous microcracks and FPZ 
under the cyclic and monotonic loading as seen in Fig 4. 
In cyclic loading, closed microfractures are permitted to reopen when the induced major normal stress 
to the crack surface is again being tensile and reach to the critical level, however, this critical tensile 
stress is lower than pervious loading cycles due to the degradation of rock stiffness. Laboratory 
observations demonstrated that some amount of dust and crushed particles were produced on the split 
surface of CCNBD samples under the cyclic loading. This finding can be applied to rock cutting 
practices, where cyclic loading would cause more damage and fragmentation than static loading.  
 
Fig. 4. Different pattern of crack propagation and branching under the, (a) cyclic loading and (b) 
monotonic loading 
6. DISCUSSION 
Rock fracture propagation due to the cutting, is an essential process that need to be understood. 
However, general brittle fracture models are governed by a continuum models, and therefore is not 
possible to investigate all the macrofracturing and fragmentation mechanisms by linear continuum 
models. Due to the different loading natures and cutting tools, in practice, rock fracture analysis is 
complex. So far, very few investigations have been done for rock fracture propagation under the 
cyclic loading [7, 8, 25]. Generally, tensile stress concentrates around the CCNBD tip and make larger 
FPZ under the cyclic loading by coalescence of microfractures along the maximum tensile stress in 
Brazilian specimen. CT-scan observations showed that the fracturing mechanism of rock different in 
cracks coalescence and propagation patterns. In addition, under cyclic loading, fractures 
preferentially propagate through the rock matrix rather than inside the grains (intragranular cracks). 
In contrast to static loading, cyclic loading resulted in predominantly intergranular fracturing, 
compared to intragranular fracturing.   
7. CONCLUSIONS 
In this research, fracture propagation and pattern of microfracture coalescence have been studied by 
employing CT-scan technique under the two different loading regimes; cyclic and monotonic 
diametral compressive loading. CCNBD samples were prepared according to the ISRM suggested 
method, and INSTRON 8800 series compression machine was used for applying cyclic loading. 
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According to the CT-scan results, it has been found that there is a different fracture mechanism in 
coalescence and the propagation of microfractures in FPZ under the cyclic loading. In cyclic loading 
due to the continuous loading and unloading, degradation of rock stiffness is considerable and fatigue 
behavior is obvious.  According to the experimental observation, FPZ shape and dimension is larger 
in cyclic loading in comparison with the static loading. However, in cyclic loading fractures are not 
continuous and amount of dust and crushed particles are found on the split surface of CCNBD 
specimens. Using CT-scan for investigating the effect of cyclic loading has been done for the first 
time in this research, and is believed the outcomes will be valuable for future rock cutting fracture 
investigations. In practice, is almost impossible to consider the effect of all the microfracture and 
flaws under the different loading states, but CT-scan showed that can be a useful tool for rock fracture 
analysis. 
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Toughness Test on Brisbane Tuff- Multiple Factorial Analyses 
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ABSTRACT: The  Cracked  Chevron  Notch  Brazilian  Disc  (CCNBD)  method  has  been  used  
to  determine rock  fracture  toughness  value  of  rocks  in  rock  mechanics  since  many  years.  The  
CCNBD method  has  advantages  over  the  other  proposed  fracture  toughness  tests  in  terms  of  
the simplicity of sample preparation and  less  material  requirement  for testing.  In this study, the 
specifications  of  Brisbane  tuff  sample  geometry  have  been  selected  according  to  the suggestions  
of  International  Society  of  Rock  Mechanics  (ISRM).  The  main  aim  of  this research is to 
evaluate  the  effect of  amplitude  variations  and change of  chevron  notch  angles on  the  fracture 
toughness of rocks under  both static and  cyclic  loading. The cyclic loading was applied in three 
different levels of amplitudes, 10%, 20% and 30% of the static ultimate loading (SUL). In addition, 
three different  chevron crack  angles  30⁰, 45⁰  and 60⁰  have been chosen to investigate  the  effect 
of initial crack  angle  on the  rock fracture  toughness  value.  A series of multiple variation analyses 
by using Analysis of Variance (ANOVA) were carried out in this study to evaluate the effect of am-
plitude and inclination angle of chevron crack on the rock fracture toughness value of rocks.  Statis-
tical results demonstrated  that rock fracture toughness values are very sensitive with the change of 
amplitudes less than 20% of SUL  whereas rock fracture toughness  is  less  sensitive  with  the  change  
of  amplitudes  between  20%  and  40%  of  SUL. Moreover,  45⁰  notch  crack  inclination  angle  
used  to  investigate  the  mixed  Mode  I-II fracturing behavior of rocks was found the most critical 
inclined pre-existing crack  under various amplitude cyclic loading in other crack inclination angles. 
These outcomes are believed very important  findings  for many rock mechanics applications such as  
investigations of  behavior of  bedded  rocks,  anisotropic  rocks  and  discontinuities  in  rock  masses  
encountered  with dynamic loads and fatigue. 
1 INTRODUCTION  
1.1 Brazilian Indirect Tensile Test 
Tensile strength of rocks as a brittle material is among the most significant parameters influencing 
rock fracturing and propagation of micro fractures in rock crushing, blasting and cutting. The Brazil-
ian test is the most common and simple method used to determine tensile strength of rocks. In the 
Brazilian test, compression stress induces tensile stress normal to the vertical plane crossing through 
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the rock disc and the ultimate failure occurred at the place that maximum tensile stress in concen-
trated. According to the ISRM suggestion method and ASTM D3967 standard, indirect tensile 
strength of splitting sample is; 
 
                   (1)                                                
where p is the ultimate failure loading, D and T are diameter and thickness of disc-shaped sample 
respectively. However rocks are discontinuity in all cases, the mechanical behavior of rock under 
static and dynamic loading have been studied widely.    
1.2 Rock Fracture Toughness 
Rocks like to other brittle material, contains different type of flaws and discontinuities such as micro-
fractures, different distributed grain sized mineral and filled up cracks which effect on the fracture 
process in dynamics and static loading. When the applied stress is reached to the certain critical level 
of stress initial cracks born and further interactions between discontinuities and stress states, push to 
developing micro-cracks to unstable zone and more coalescence of cracks will drive rock to ultimate 
failure. 
In rock cutting, blasting, drilling and underground mining, rocks are subjected to different modes 
of static and cyclic loading. Various experimental and numerical methods have been employed to 
understand of rock fracturing in cyclic loading. Therefore, assessment of rock fracture toughness is 
an essential parameter for rock fracture and fragmentation modeling in rock cutting industry. Accord-
ing to the stress state in rock cutting process, a crack propagates under the tensile loading and thus, 
mode I of rock fracture toughness was elected as the key parameter in this study. Among many dif-
ferent suggested methods of ISRM, in this study rock fracture toughness was measured by the 
Cracked Chevron Notch Brazilian Disc (CCNBD) method. Figure 1 shows the geometry for CCNBD 
specimen under the Brazilian testing frame.   
 
 
 
 
 
 
 
Figure 1. Geometry of CCNBD specimen suggested by ISRM (Fowell, 1995) 
 
The geometry and shape of the CCNBD specimen is same to the Brazilian specimen therefore 
same loading frame was used in this test. 
2
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Mode I rock facture toughness is measured by using the following suggested equation by ISRM;  
 
                                                  (2) 
where *minY is the dimensionless critical parameter and depends on the specimen geometry and calcu-
lated by determining three dimensionless parameters 0 , 1 and B . By determining minimum value 
of dimensionless factor of minY , critical crack length will be obtained in based of maximum applied 
load (Dai et al., 2011). 
The main objective of this research is to study mechanical response of rock specimen in cyclic 
loading and evaluate effect of amplitude variation and notch cracked angle on the fracture toughness 
value by means of multi-factorial analyzing. The fracture toughness results demonstrated that there 
is a very significant difference between the monotonic and cyclic loading in terms of the ultimate 
tensile strength of rock and damage evolution in front of the rock chevron crack. It has been shown 
that 46% reduction could be achievable for the 40% amplitude in cyclic loading (Erarslan and 
Williams, 2012b). However it has been detected clear tensile fracture aligned the chevron crack, but 
continues damage leaded to accumulated plastic strain in rock and coalescence of micro-fractures 
made the fracture on lower stress state than monotonic loading. It has been found that micro-fractur-
ing was the principle mechanism in cyclic loading as dynamic energy sustained in rock increasing by 
increasing the frequency and amplitude of loading (Bagde and Petroš, 2005). As rocks are non-ho-
mogeneous material so rock response is different and its fatigue life scatters greatly in based of the 
rock grains, anisotropic properties and micro-fractures which draw a critical conclusion for subse-
quent engineering application in rock mechanics. It has been observed that the loading frequency has 
a strong effect on deformation and ultimate fracturing in salts, limestone, sandstone and mudstone 
(Ma et al., 2013). Experimental results show that the dynamic energy sustained by the rock increased 
by increasing frequency and amplitude of loading however the axial dynamic stiffness and average 
Young’s modulus decrease with loading frequency and amplitude (Bagde and Petroš, 2005).                                                             
2 EXPERIMENT PROCEDURE AND SETUP 
2.1 Sample preparation 
The Cracked Chevron Notched Brazilian Discs (CCNBD) has been used in this study for cyclic 
loading. Preparation of the CCNBD specimen is simple over the other ISRM’s suggested methods 
used for fracture toughness test. Another advantage of the CCNBD specimen is that the different 
modes of fracture toughness could be measured by changing the angle of the chevron crack under the 
loading. The chevron V shape notch leads initial cracks propagated in stable fashion until it grows to 
*max
minIC
P
K Y
B D

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the unstable state and ultimate tensile failure.  For preparing the desired notches in Brazilian speci-
mens a circular 40 mm diamond saw were used. In order to measure the crack mouth opening dis-
placement (CMOD) a 10 mm clip gauge was attached to the notched crack and recorded during the 
0.1 second intervals. According to the ISRM suggested methods, all dimensions of CCNBD geometry 
were selected and converted to the dimensionless parameters of specimen radius and diameter as 
shown in figure 2. 
 The dimensionless parameters α0, α1 and αB are three important parameters in fracture toughness 
test which are defined as following; 
α0=a0/R                                                                                    (3)  
α1=a1/R                                                                                (4) 
αB=B/R                                                                                            (5) 
To achieved a valid results, all three dimensionless parameters must be satisfied by the restrictions 
suggested by ISRM (Fowell et al., 1995). In this study, initial and final chevron notch crack lengths 
were 16-18 mm and 36-37 mm respectively. 
 
 
 
 
 
 
 
 
 
 
Figure 2. CCNBD specimen inclined 450 under cyclic loading 
2.2 Cyclic Loading  
For cyclic loadings, an Instron 100kN hydraulic servo control machine used and different modes of 
cyclic loading were applied in this research. The frequency of cyclic loading was selected 1 Hz for 
all loading and unloading modes. The main object of this research is evaluating the effect of amplitude 
and chevron cracked notch angle in cyclic loading and then conducted multi-factorial analyzing to 
evaluate the significant of variation of amplitude and chevron crack angles in fracture toughness re-
sults. Four different amounts of amplitudes and chevron notched crack angles were selected as shown 
in table 1. The first series of test were conducted by applying three levels of amplitude ranged at 10%, 
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20% and 30% of (UTF) ultimate tensile failure. A second series of experiments were conducted by 
inclining chevron cracked at β=300, β=450 and β=600. 
Table 1.  Experimental design for CCNBD test  
Loading frequency Inclined crack angle 
β (⁰) 
Amplitude  
% UTF* 
1HZ 30⁰ 10% 
1HZ 45⁰ 20% 
1HZ 60⁰ 30% 
* UTF (Ultimate tensile Failure) 
 
Laboratory experiments showed that peak fatigue strength of rock specimens are depend on loading 
amplitude and reduced by increasing the amplitude (Bagde and Petros, 2009). Also it has been ob-
served that ultimate cyclic failure decreased between 30% and 40% in comparison of monotonic 
loading failure (Erarslan and Williams, 2012a). Limited attempts have been encountered in laboratory 
experiments to studying effect of amplitude and inclined chevron crack angle in failure mechanism 
of rock. Generally, accurate determination of dynamic and fatigue crack propagation in rock domain 
is crucial for rock cutting and other dynamic which in this study author investigated the effect of those 
parameters in rock fracture toughness test by means of multi-factorial analyzing. The multi- factorial 
analyzing has employed to detect the significant factors in cyclic CCNBD test. In base of the multi-
factor analyzing, the interaction between and within the different amplitudes and crack inclinations 
will be calculated associated with the null hypothesis.  
The CCNBD test has been carried out for selected angles and amplitudes. Table 2 illustrates the cyclic 
test result for Brisbane tuffs. It has been found that tuff specimens had different responses for cyclic 
loading compared to the static loading in terms of ultimate failure loading. Some researchers indicated 
different modes of cyclic and monotonic loading but few literatures investigated interaction of am-
plitude and chevron crack angle on the fracture toughness. Multi-factorial approach has been used to 
statistically significant of increasing loading amplitude and chevron crack angle in CCNBD test.  
Table 2.  CCNBD cyclic fracture toughness test* 
 (Inclined crack angle) 
β (⁰) 
Amplitude %UTF 30⁰ 45⁰ 60⁰ 
10% 2.79 2.65 2.41 
10% 2.36 3.76 1.75 
10% 2.72 3.45 2.54 
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20% 2.45 3.59 2.16 
20% 3.1 2.07 2.71 
20% 2.51 2.58 2.13 
30% 3.16 2.89 2.93 
30% 3.39 2.89 2.93 
30% 3.5 3.51 2.61 
10% 2.79 2.65 2.41 
*Failure loading (kN) 
For sinusoidal cyclic loading, it has been found that fracture toughness KIC was reduced 29% of the 
static results (Erarslan and Williams, 2012a). Previous research have not investigated the effect of 
amplitude and chevron notch angle on the fracture toughness test, therefore, this paper will address 
interaction between and within the different levels of amplitude and chevron notch angle in cyclic 
loading as a new methods of analyzing in rock mechanics studying. 
3 MULTI-VARIABLE ANALYZING 
Multi-variable analyzing is a special form of statistical hypothesis approach used widely in the ex-
perimental design and making decision using different levels of parameters. This factorial analyzing 
permits researchers to examine interaction effects between independent variable to the dependent 
variable (SAGE Publications). Considering the independent and dependents variable in CCNBD test, 
the multi-factorial analyses will help to elucidate the nature on interactions effects between the am-
plitudes and crack inclinations. 
3.1 Multi-factorial mathematical model 
The analysis of multi-factorial model is used to detect significant parameter in the mathematical 
model. In this research, there is a dependent variable and two independent parameters which com-
bined the experiments. The mathematical suggested model will analyze the factor of variables and 
measure the effects of independents effects on the dependent value and furthermore will analyze 
within the independent variables. In this model, each parameter can take the certain amount of test 
results and referred to the experimental results obtained in this research. However, the number of 
levels can vary between the independent factors. To have a balanced experimental design, number of 
observation must be equal(Deming and Morgan, 1993). For the CCNBD test, a total of 27 individual 
tuff specimens were used and categorized in suggested statistical model.    
A very common approach to the factorial analysis for interactions within and between the individual 
parameters is to conceptualize an interaction between the mean differences. Therefore, for decompo-
sition model following model were used; 
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 ,k k k k k k k kij i i i i ijY                                                  (6)  
k
ijY is the model response for given level of the main effect considering both parameter αi, βi and 
interaction function in terms of two parameters ζk. The experimental error for this statistical model 
can be presented by εk. As it found that there are no more interactions between the parameters hence 
higher-order (quadratic) terms did not include in this model.                       
4 ANALSIS OF FACTORIAL MODEL 
In order to evaluate the following process need to be performed to determine significant interaction 
between and within the chevron cracked notch angle and amplitude in fracture toughness test. At first 
step calculation will be performed to obtain sums of all the squared (SS) differences between each 
amplitudes and chevron crack angle as input data and then determine mean of the all groups for the 
suggested model. The sum of squares between groups could be calculated in terms of the sum of all 
the squared differences between the mean for each test and the use grand mean and multiplied by the 
number of the test per each chevron angled cracks and amplitude observation which is 9 in this study. 
By summing up the sum of squares between groups and within groups, total sum of squares can be 
obtained. The next steps in the analysis procedure are figure out the degree of freedom for each group 
in suggested model. Degree of freedom (df) is expressed by a number of experiments per group by 
losing one DF for each group. In this test, there are 3 individuals for each group and then the df for 
effect α (amplitude) and β (crack chevron notch angle) is 2. Having the number of individuals for 
interaction effect of inclined chevron crack notch and amplitude, the df for interaction effect is ob-
tained 4. The df of experimental error will be calculated by subtracting total df and df for within and 
between groups as found 18. For next step, mean squares can be calculated by dividing each sum of 
squares by its df. Having the mean squares, F-ratio can be obtained by dividing between group’s mean 
squares to mean square of within group. The F-ratio is used to determine the homogeneity of two or 
more independent variables in terms of variances. If the F-ratio equals or exceeds the critical value 
which is 0.05 in this study, the analysis concludes that there is no difference between variables. The 
factorial analysis indicated that the amplitude and chevron notch angle are significant and effect on 
rock fracture toughness amount. However, effect of amplitude was found greater than chevron notch 
angle. 
Table 3 and 4 represent the statistical analyzing results for two independents parameters.  
Table 3.  Statistical results for amplitude variable   
Ampli-
tude Mean 
Std. Er-
ror 
95% Confidence In-
terval 
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(%UTF) Lower 
Bound 
Upper 
Bound 
10.00 2.714 0.160 2.378 3.051 
20.00 2.589 0.160 2.252 2.926 
30.00 3.129 0.160 2.792 3.466 
 
Table 4.  Statistical results for chevron notched crack angle variable   
Angle(⁰) 
Mean 
Std. Er-
ror 
95% Confidence In-
terval 
Lower 
Bound 
Upper 
Bound 
30.00 2.887 0.160 2.550 3.223 
45.00 2.990 0.160 2.653 3.327 
60.00 2.556 0.160 2.219 2.892 
 
Regarding to the supposed multi-factorial model, three different types of hypothesis were evaluated. 
First hypothesis were developed on the basis of the model to evaluate the equal effects of three levels 
of amplitude on the fracture toughness value (Hnull: μ1=μ2=μ3 for i,j=1,2,3 and H1: μ1#μ2#μ3). The 
second hypothesis were performed to evaluate equal effects of three different levels of chevron 
notched crack angles on fracture toughness results (Hnull: μ1=μ2=μ3 for i,j=1,2,3 and H1: μ1#μ2#μ3). 
The third hypothesis was designed to investigate if there is any significant interaction between the 
amplitude and chevron crack angle in fracture toughness result by developing the null hypothesis as 
Hnull: ( , 1,2,3)k ki i i j    and anti-null hypothesis is H1: ( , 1, 2,3)k ki i i j   . 
Considering the F statistic test the fracture toughness test in cyclic loading, it can be found that the 
first and second hypothesis were rejected and therefore the effect of increasing and decreasing of 
amplitude and inclination of chevron notch crack are significant in rock fracture toughness test.  
 
Table 5.  Multi-factorial results for suggested model 
Source Degree of 
Freedom 
Mean 
Square F Value 
Signifi-
cant* 
Amplitude 2 0.719 3.108 0.069 
Angle 2 0.464 2.005 0.164 
Amplitude 
* Angle 
4 0.333 1.442 0.261 
Error 18 0.231     
Total 27       
 Significant level was selected 0.05 
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However, F statistic result demonstrated that there was not more interaction between the amplitude 
and the angle of chevron notch but the null hypothesis of equality for different interactions between 
amplitude and chevron angle is valid. Table 5 represented the F statistic test for given laboratory 
data. 
Furthermore, statistical analysis has been carried out to investigate the effect of low and high level of 
amplitude on fracture toughness test in terms of mean levels of the observations. It has been found 
very interestingly that in low amplitude value, 450 chevron notch cracks has the extreme effect on the 
fracture toughness test and 600 inclined cracks are the lowest effect on the fracture toughness amounts. 
The factorial model demonstrated that higher amplitude applying in cyclic loading (more than 20% 
UTL), the larger effect on the fracture toughness result.  
 
                                       
Figure 2. Effect of amplitude significant levels on fracture toughness result 
 
In addition, it was concluded that by increasing applied amplitude in cyclic loading, the consequential 
effect of lower chevron angle was extreme. Figure 2 shows the comparison between the amplitude 
and chevron crack angle significant on the estimated marginal mean of cyclic failure. 
 
                                            
Figure 3. Effect of amplitude significant levels on fracture toughness result 
  
2.2
2.4
2.6
2.8
3
3.2
3.4
8 18 28
Es
tim
at
ed
 
M
ar
gi
na
l …
Amplitude (% UFL)
30
45
60
2
2.5
3
3.5
28 48Es
tim
at
ed
 M
ar
ig
in
al
 
M
ea
ns
 o
f C
CN
BD
 C
yc
lic
 
Lo
ad
in
g
chevron Notch Cracked Angle (0)
10
20
30
 154 
 
Additional multi-factorial investigations were carried out for the laboratory results and they indicated 
that lower cyclic amplitudes have low significant effect on the fracture toughness results. However, 
in the lower chevron angles, increasing amplitude will effect significant on the fracture toughnes 
resulst, there is a significant effect for inclined angle of 450. The factorial analysis are shown in figure 
3. 
Other researchers have concluded similar trends of chevron crack angle variations in cyclic loading. 
Compared monotonic and cyclic loading demonstrated that chevron cracks angled more than 450 start 
to opening under the cyclic loading whereas in the monotonic loading cracks show closing behavior 
in front of the initial notch cracks (Erarslan and Williams, 2012a). This interesting and outstanding 
result is very significant finding for the mining industry specially for cutting machinery industry. 
5 CONCLUSION 
From the results discussed in the previous sections, following conclusions can be drawn from this 
research. 
Cyclic fracture toughness test over the CCNBD Brisbane tuff specimens are very sensitive to the 
amplitude level and in fact, amplitude variable has significant effect on the fracture toughness results. 
It has been found that for lower amplitudes of 20% UFL, the difference between different angles are 
very impressive and for specimens with notch crack of 600 have the lowest one among the samples. 
In contrary, for chevron notch cracks angled 450 the effect was significant. It has been understood 
that the null hypothesis of equality of amplitude variables on the fracture toughness test, has been 
rejected and therefore as a general trend, the amplitude has significant effect on limestone fracture 
toughness results.  
The chevron notch crack angle level was examined over the fracture toughness in terms of factorial 
analysis and appeared that fracture toughness is very sensitive to the chevron crack of 450 , however, 
as a general trend, by increasing the chevron crack inclination, the sensitivity of fracture toughness 
to the chevron crack angle will reduce.  
As the amplitude is very important key parameter in hard rock cutting industry, it has been concluded 
that amplitudes less than 20% of ultimate failure loading combined with pick attack angle around 450, 
imposed to need very low energy of cutting to fragment Tuff specimens. It is cleared that by increas-
ing the amplitude more than 20%, all three chevron angles will be affected largely in fracture tough-
ness values, however increasing the amplitude will affect on the cost and rock cutting machine’s size. 
Therefore, conducted factorial analysis showed that there was an optimum combination of amplitude 
and chevron angle which leads higher fragmentation in rock cutting process. This outcome is very 
important finding for rock cutting/fragmentation industry. 
In based of the factorial analyzing over the laboratory cyclic fracture toughness test, it has been un-
derstood that there was no observed interaction between the amplitude and chevron notched crack 
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angle in cyclic loading and null hypothesis for this model was not rejected in terms of 3×3 factorial 
matrix.  
Multi factorial analysis and F-ratio test demonstrated that both amplitude and chevron crack angle 
are significant parameters in CCNBD test however, the effect of amplitude was considerable high 
compared to the chevron notch angle. The other significant outcome of this research could be drawn 
that by determining specific amplitude and attack angle of rock cutting bits, it will be possible to 
reduce required loading for rock fracturing in the tensile state.  
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A Numerical Study on Oscillating Disc Cutting (ODC) Technology for Hard Rock Cutting 
Ghamgosar, M., & Erarslan, N. 
 
ABSTRACT: Rock cutting includes many unknown parameters which result different consequences 
of the different cutting conditions. However, based on the current suggested models for rock cutting, 
there are some critical parameters that control the fracture initiation and propagation in rock domain. 
In general, there are two major cutting tools are used in rock cutting: drag bits and indenters. Different  
mechanical attacks of cutters are resulted in different fracture models such that, drag bits break the 
rock parallel to the rock surface while indenters cut rocks by pressing normal to  the rock surface. 
Both tools cause rock failure by inducing tensile cracking. However, drag bits induce these tensile 
cracks more directly than indenters do. The full benefits of improvement in rock cutting efficiency 
will arise from a clear understanding of rock fracture mechanics principles. Therefore, fracture 
mechanics principles will be applied to the rock cutting as the nature the rock fragmentation process 
is based on rock fracturing. The Oscillating Disc Cutter (ODC) cutting system does more than 
combine the advantages of drag bits and disc cutters. The forces transmitted back through the cutter 
to the excavation machine are much lower for the ODC than they are for a drag bit. Although the 
ODC attacks the rock in much the same way as a drag bit, a combination of the oscillating action of 
the cutter and the undercutting mode produces the lower cutting forces.  Fatigue phenomenon in rock 
has advantages for the rock breaking by applying less effort and energy due to the cyclic loading. The 
ODC could potentially replace for batch drill and blasting for very hard rock fragmentation by 
reducing any safety problems. The aim of this study is using Extended Finite Elements Analyses 
(XEFM) numerical modelling on different cyclic loading conditions associated with the ODC cutting. 
An accurate prediction of numerical investigation requires detail laboratory experiments. A series of 
laboratory tests were performed to obtain one of the fundamental tensile strength parameter fracture 
toughness values of our Monsonite rock samples under the various cyclic amplitude and frequency 
values. The numerical results showed different fatigue damages depending on the various cyclic 
loading conditions and crack propagation simulations under the different amplitude and frequencies 
are believed very important for the rock cutting researches and rock cutting machine manufacturers.   
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INTRODUCTION 
In the civil and mining industries different types of rock cutting machines are used as the preferable 
method of excavation. Demand for rock cutting and breaking is increasing for a variety of engineering 
applications in mining, road construction, water and sewage network and new generation of energy 
sources. Road header, tunnel boring machine, raises borers and continuous cutting for underground 
longwall are examples of commonly used machines. Some review experiments regarding the forms 
of those pickers and their application has been undertaken by Roxborough and Phillips ,  Whittaker 
and Frith (Whittaker, BN & Frith 1990) and Xia (Xia et al. 2012). To date, the mechanism of rock 
cutting has been poorly investigated because of the inherently complex cutting action interacted with 
different rock types. In hard rocks, chip formation produced by tensile fracture propagation through 
the rock however, in soft rock the main mechanism of fracture is the plastic shear failure. As a 
consequence, an understanding of rock fracture mechanism is the key parameter for rock cutting 
process. Against the metal fracture that happen because of the shear stress at the crack tip, rock 
fracture propagate in tension because of a coalescence of microfractures in the crack tip. Different 
methods can be used in a specific pattern depends on the cutting purposes and rock geological 
formation. Instead of the drill and blast method, demands for large volume excavation lead to increase 
numerous investigations in rock cutting systems to increase the capability and manoeuver of machines. 
Generally speaking, there are two types of cutting tool are used for hard and soft rocks, which is 
shown in Figure1 (Hood, M. & Alehossein 2000).  
 
Figure 1 – Different types of rock cutter used for excavation industries in mining and civil 
engineering 
Undercutting and frictional interaction between the rock and cutter is the main mechanism in the drag 
bits which the motion tool attacks parallel to the rock surface. Most of the common longwall shearers, 
road headers and continuous miners possess this type of drag bits. Disc cutters and other types of 
cutting tools are used by assembling on rotary cutters head for tunnel boring, shaft boring and raise 
boring (Whittaker, B, Singh & Sun 1992). However, for indenters there are two types of fracture 
mechanism resulting from the contacts of boundary between the tool and rock surfaces. These two 
types are classified as blunt and sharp contacts and each of them involved with different patterns of 
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fracture initiation and propagation patterns through the rock (Ostojic & McPherson 1987). Sharp 
indenter produces surface crack however, in blunt indenters fractures initiate and propagate through 
the Hertzian cone in the Fracture Process Zone (FPZ). However, the mechanism in rock cutters are 
different but based on the extensive research, cutters are classified as ‘stamp, ‘sphere’ and ‘point load’ 
by pointing this fact the all fractures initiate from the elasto-plastic interface between the tool and 
rock. Lawn (Lawn, BR, Evans & Marshall 1980) Niihara (Niihara 1983) showed that maximum 
tensile fracture occurred at the elastic-plastic boundary and will decrease as the fracture nosed to the 
elastic zone. Generally speaking, the mechanism of rock fracturing has been poorly understood due 
to the inherently of cutter and rock interaction and inhomogeneity of rock material. Many of empirical 
and elastic approaches have been proposed to understand and describe rock fracture mechanism based 
on the small scales laboratory tests (Detournay & Defourny 1992; Roxborough & Phillips 1975; 
Thouless et al. 1987; Xue et al. 2009). As the most of indenters apply compressive loading in an 
intensive way, this cause to spend more energy and consequently wearing rate will be higher. Thus, 
the rock cutting industries are tend to move to develop more efficient cutter by using drag bits as the 
main mechanism in tensile fracture process which is much more lower than compression strength of 
rock. This research will address some new findings regarding the rock fracture testing results under 
cyclic loading.   
ROCK CUTTING MECHANISM  
Rock Cutting by Drag Picks  
Undercutting mechanism of rock drag picks makes them being an efficient and versatile tool for hard 
rocks. Tensile fractures initiate and propagate in front of and adjacent to the pick by penetrating the 
cutter into rock. The rock undercutting process is discontinues state and as the drag picks is pressed 
into the rock media, picks trusted forces exceed the tensile strength of the rock and cracks initiate. 
However, rock texture behaves a barrier for fracture propagation but fractures propagate through the 
free surfaces or weakest strength point (Tiryaki & Dikmen 2006). The flow of the crushed zone (dead 
zone) has been studied numerically to evaluate the effect of different inclination angles of cutter in 
ductile and brittle rocks (Huang, Lecampion & Detournay 2013). Drag picks are extensively used for 
weak to medium ranges of strength coal and rock material so, from the economic points of view, 
roller cutters and disc cutters are more efficient for hard rock. Initially, Goodrich (Goodrich 1956) 
proposed three different stages for rock chips which produced by drag picks which comprise; crushed, 
crushed chips and major chips. This sequence of chips formation is proposed to describe cutting 
phenomena in ODC as shown in Figure 1.  
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Figure 1 – Proposed three main fragmentation sequences due to cutting action in ODC; (a) initial 
stage of rock cutting due to the ODC contact point with rock, damaged stage, (b) crushing and 
producing initial chips by tensile fracturing, initial chips and (c) major chips due to the increasing 
cutting depth and oscillating action to take the chips off rock block 
 
In hard rock cutting, drag picks become blunt by crushing rock beneath the tool and often necessary 
to increase wedge angle in order to increase the tool strength (Hood, M. & Alehossein 2000). A drag 
bit becomes more flatted by increasing the depth of cutting due to the breaking actions thus, more 
thrust forces are required to keep desire amount of fragmentation. In order to overcome to this 
dominant wear mechanism, CSIRO developed SMART*CUT technology to replace common 
tungsten carbide (WC) with Thermally Stable Diamond Composite (TDSC), which the TDSC tips 
might be more than 1000 times longer than common WC bit (Shao et al. 2014). Rock cutting process 
and applied forces have been modelled by numerical analysis (RFPA2D ) by Kou (Kou et al. 1999) to 
evaluate rock fracture process in heterogenic rock. Numerical models of chip formation showed that 
the brittle fracture initiated from tensile mode and then propagated by shear failure modes to the rest 
of intact parts.  
 
Mechanism of Brittle Fracture 
 
In fracture mechanics, it is postulated that tensile fractures initiate from existing micro-fractures, 
flaws and coalescence to the macro-fractures and finally reach to ultimate failure in rock. Initially, 
these cracks were used by Griffith (Griffith 1920) to explain how the tensile stress concentration in 
tips of small and thick cracks controls the brittle fracture process. Griffith determined the energy 
condition necessary for cracks to grow.  According to the Griffith’s theory, fracture occurs when the 
loss of strain energy in the brittle material is sufficient to support the increase in surface energy. It 
should be emphasized that once crack initiates, propagation proceeds in a stable or an unstable 
fashions depending on how much energy is obtained to drive crack through the rock. The practical 
application of Griffith’s theory conjugated with LEFM reveals that a number of factors will impact 
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to the stress threshold of Griffith crack (Eberhardt et al. 1998). Hoek and Bieniawski (Hoek & 
Bieniawski 1965) modified Griffith (Griffith 1920) brittle fracture model for rock to account the 
effect of compression loading on fractures closure and fracture mechanics in hard rocks. 
Mathematical model of Inglis (Inglis 1997) showed that the local stress concentration at the sharp tip 
of the crack is several times greater than the applied compressive stress. Lawen (Lawn, B 1993) 
modified and reduced Inglis mathematical model by derivation and formulation of stress and 
displacement. Westerngard (Westergaard 1997) investigated for stress concentration on tip of cracks. 
Modified models for stress concentration of sharp tips can be found in Sneddon (Sneddon 1946) 
Green (Green & Sneddon 1950). Horii and Nemat-Nasser (Horii & Nemat‐Nasser 1985; Nemat‐
Nasser & Horii 1982) extended their experiments and theoretical models for rock mechanics and this 
model was lately employed by Steif (Steif 1984). Stress concentration at the crack tip has been 
challenged by suggested investigations on the fracture propagation model in shear modes of local 
interactions between a few micro-cracks  (Reches & Lockner 1994).  Local cracks extensions can be 
interpreted by assuming cohesive stress near the crack tip, which oppose the action of induced tensile 
stress as suggested by (Dugdale 1960) and (Barenblatt 1962). A Linear Elastic Fracture Mechanics 
(LEFM) approach can be used for evaluation of process zone extension in brittle material depends on 
the grains size and loading modes (Zhao & Li 2000). The tensile fracture model of Griffith theory is 
valid for cracks under the tensile loading, however, for the compressive condition Griffith theory can 
be extended to the examination of tensile stress concentrations around the different orientations of 
crack. Fracture mechanics assumes that a crack can deform in three basic modes includes tensile 
opening (mode I), in-plane shear (mode II) and out-of-plane tearing (Mode III). This classification 
summarized in based on the response of a crack to the loading on the fracture tip in terms of 
displacement (Anderson 2005; Lawn, B 1993), which are shown in Figure 3. 
 
 
Figure 3 – Modes of crack’s tip response associated with different loading conditions: (a) tensile 
fracture, (b) shear fracture and (c) tearing fracture 
 
In mode I, so-called tensile mode, the crack exhibits displacement perpendicular to the crack plane 
so two surfaces open up and separates from each other vertically depicted in Figure 2.1a. Crack 
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propagation direction is in its plane. Mode II corresponds to edge sliding and the crack faces move 
relatively to each other in the crack plane parallel to the direction of crack (Figure 3.b). In Mode III 
or tearing mode,  the crack faces move relative to each other so the displacement of the crack surfaces 
are in the crack plane but parallel to the crack front (see Figure 3.c). There are different methods for 
calculation of stress intensity of crack’s tip with zero crack tip radius (Arrea 1982; Sanford & Dally 
1979; Yau, Wang & Corten 1980). For mode I of fracture toughness, the semi-inverse solution was 
used by Brussat and Westmann (Brussat & Westmann 1975) to calculate stress intensity factors as: 
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where ܭூ and ܭூூ are fracture toughness, ݎ and ߠ are polar coordination of fracture tip and ߪ 
are the state stress that includes radial and tangential stress components at the fracture tip. 
 
OSCILLATING DISC CUTTER (ODC) 
Oscillating Cutter Principle Concept 
The original idea of ODC was suggested by David Sugden at 1971 and then mechanical development 
was undertaken by the Australian Cooperative Research Centre (CRC, mining) to emerge new and 
novel techniques for cutting rock with low forces, low cost and high cutting rates especially for hard 
and abrasive rocks. The ODC trail model is illustrated in Figure 5.  
 
 
 
Figure 5 – Oscillating Disc Cutter (ODC), (Courtesy of JOY Global Dynacut)  
 
In ODC, new mechanical action employs in rock cutting associated with the oscillating of 
conventional disc cutters. The ODC provides more safe working condition by reducing risk to 
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personnel and breaks rock in tension and fatigue modes rather than compression fracturing. In this 
technology, rock cutting undertaken the tensile fracturing with undercutting mode with an order of 
magnitude much lower than normal cutting in compression or shear modes. The ODC cutter benefited 
of oscillating disc cutter associated with a cyclic movement which small amplitudes (<2.5mm) 
applied by internal hydraulic derive (Hood, Michael et al. 2005). This process causes fatigue cracking 
in rock and undercut hard, brittle rock at lower magnitudes of forces. Water jet employed to flush out 
crush rock fragments beneath the disc cutter and provide direct cooling circuit to increase cuter life 
(Hood, Michael et al. 2005). The ODC has many parameters that influence on the cutting process 
such as oscillator frequency and amplitude, depth of cutting, velocity of cutter movement, eccentricity 
of the cutter and different types of rock. This complexity of the influence of governing parameters 
causes that developing a fully analytical or numerical model to be difficult. This research focuses on 
the effect of different cyclic and amplitude effects on rock cutting depth and progressive damages 
caused by cyclic compressive loading.   
 
EXPERIMENTAL SETUP  
Mechanical Laboratory Test 
In general, for any mathematical and numerical analysis, rock mechanical properties are required as 
the key elements in rock testing after accurate sample preparation stage. In order to have valid and 
reliable results three different types of monzonite have been selected and prepared according to the 
International Society for Rock Mechanics (ISRM) suggested method to determine Brazilian indirect 
Tensile (BTS) and Uniaxial Compressive Strength (UCS) of selected samples. All samples occupied 
with two lateral and axial CEA-06-500UV-350 model micro measurement division strain gauges to 
measure both axial and lateral strains to determine Poisson’s ratio and Young’s elastic modulus. A 
series of Brazilian tests have been performed according to the ISRM suggested method (Bieniawski 
& Hawkes 1978). In Brazilian test axial compressive applied over an infinitesimally (100 at contact 
points of steel jaws and disc shaped rock sample) induces indirect tensile stress in samples and causes 
to break samples in tensile mode. According to the elasticity theory, tensile fracture initiates and 
propagates perpendicular to the induced tensile stress (Eberhardt et al. 1998). Experimental setup is 
shown in Figure 6. 
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Figure 6 – Brazilian sample after test (a), lateral and axial strain gauges after uniaxial unconfined 
compressive test (b) for monzonite samples of Cadia Valley mine, NSW, Australia 
 
Some of the mechanical properties of tested samples are listed in Table 1. Rock brittleness is the 
significant parameters for rock cutting, however, there is no specific standard accepted universally to 
measure this index. In this research, brittleness is defined based on the Walsh and Brace (Walsh & 
Brace 1964) suggested model which uses the ratio between the compressive and tensile strength of 
brittle sample. Fracture toughness of monzonite samples are measured from 1.75 MPa√m to 3.76 
MPa√m (Ghamgosar & Erarslan 2014).  
  
Table 1 – Monzonite uniaxial compressive strength, indirect tensile strength, cuttability, Schmidt 
hammer results 
Sample ID 
UCS 
(Mpa) 
BTS 
(Mpa) 
Brittleness 
Drillability 
(kN/mm) 
Density 
(gr/cm3) 
Measured 
Schmidt 
hammer 
number RN 
M_03_1 141.25 12.98 10.88 60.31 2.65 20.00 
M_03_2   10.29 - - - - 
M_04_1   8.56 - - - - 
M_04_2 197.14 11.76 16.76 71.97 2.65 19.00 
M_05_1   11.76 - - - - 
M_05_2 164.76 12.76 12.91 66.86 2.65 20.00 
M_06_1   9.02 - - - - 
M_06_1 215.35 11.68 18.44 76.53 2.65 20.00 
 
 
Numerical Modelling Results 
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A series of eXtended Finite Element Method (XFEM) numerical analyses was conducted to evaluate 
the stress distribution pattern and brittle fracturing in selected rock specimens’ geometries. The main 
parameters for numerical analysis are the strain rate, decomposition and/or cracking strain rate, 
elasticity properties, a set of cracking condition and evolution law for crack propagation. In literature, 
several researchers performed numerical models to investigate rock fracture process in dynamic and 
monotonic loadings (Ascher, Mattheij & Russell 1995; Bobet & Einstein 1998; Gray, Phan & Kaplan 
2004; Hoek & Bieniawski 1965; Sneddon 1946; Yee 1966). Another advantage of XFEM is its 
independence to model mesh, and therefore mesh generation is much simpler than in the FEM. This 
is why the XFEM method was performed in this research. Brittle cracking model was conducted and 
it is assumed that crack propagate when the ODC cutting edge contacts with the rock edge and thrust 
the oscillating forces to the rock block. Post failure behaviour of monzonite samples was determined 
experimentally and used in brittle cracking model in ABAQUS. There are three different types of 
post-cracking behaviour that can be used for brittle material depend on the loading condition. Based 
on the recorded laboratory results from the UCS and BTS experiments, “displacement” model was 
defined for modelling post-cracking behaviour of rock samples. In this model post failure behaviour 
needs to be defined, which technically, remaining direct stress after cracking and direct cracking 
strain were obtained from the laboratory experiments and used in this model. For crack propagation, 
a simple Rankin criterion was applied in this numerical simulation and crack surface is considered to 
be normal to the direction of the maximum tensile stress in rock samples (Simulia 2012). However, 
the basic method is supposed based on the purely Mode I fracture consideration but shear softening 
or Mode II also includes in fracture propagation and this is much more realistic because there are a 
trace of shear stresses in the contact points of loading (Erarslan & Williams 2012). In order to detailed 
analysis, 3D stress elements have been selected for explicit modelling, which the all elements 
connected by 10-node quadratic tetrahedron shapes. Calibration of post failure behaviour requires 
combined tension and compression data, which is, used indirect tensile test and UCS experiments. 
Initial model has been performed as shown in Figure 7. In this model the attack angle of ODC disc 
was selected 450 as this angle is the optimum attack angle based on the previous work (Ghamgosar 
& Erarslan 2014).  
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Figure 7 – XFEM model for simulation ODC performance for rock cutting process 
 
 
DISCUSSION 
XFEM analysis was successful at modelling the fracture propagations and demonstrating stress 
distribution in ODC cutting process. Numerical modelling results were in a good agreement in terms 
of demonstrating induced FPZ zones around the fracture direction. Obtained numerical results were 
compared with real data observed from laboratory scale ODC cutting test in CRC Mining Technology 
(Hood, Michael et al. 2005), which was in a close agreement. Figure 8 shows different numerical 
models of stress distribution for three different cutting depths. 
 
 
 
Figure 8 – Stress distribution for different rock cutting depths in ODC performance; (a) 10 mm 
cutting depth, (b) 20 mm cutting depth and (c) 30 mm cutting depth 
 
CONCLUSIONS 
In this research, rock-cutting process in ODC was modelled numerically by XFEM and extensive 
laboratory testing have been performed to determine monzonite pre- and pots-failure mechanical 
properties for numerical modelling. Once the lower tensile strength was recorded under cyclic loading, 
450 was applied as the ODC attack angle for various cutting depths. There was a good agreement 
between the numerical modelling and laboratory scaled ODC cutting rig results. According to the 
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experiments, rock could be failed at lower forces of cyclic loading compared to the monotonic loading. 
In cyclic loading it has was determined that FPZ follows the stress distribution patterns and 
comprising more microfractures density and inhomogeneity properties of rock minerals make FPZ 
shape very different compared to the proposed FPZ models by LEFM. It was observed that cyclic 
loading induces more fatigue behaviour by accumulating permanent and plastic deformation which 
subcritical fractures was verified with recorded lower ultimate failure loading values. 
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